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ABSTRACT 
In section I , the singl e -crystal X-ray diffraction 
structural analyses of two zerovalent platinum-acetylene 
complexes , Pt(PPh 3 ) 2 (PhC =CC0 2Et) and Pt(PPh 3 ) 2 (p -N0 2C6H4C=CC0 2Et), 
are presented , together with the structural analysis of the 
free acetylene , p -No 2c 6H4C=CC0 2Et . Comparison of the latter 
two structures allows an assessment of the precise changes 
which the acetylene undergoes on coordination. The two 
platinum complexes differ very little in their molecular 
geometry showing that the presence of the p -nitro group does 
not basically alter the character of the metal-acetylene bond. 
The similarity between the values of v (C =C) for each complex 
supports this conclusion . 
The lengths of the coordinated C=C bonds in the complexes 
0 (1.288(8) and 1 . 318(6) A respectively) show a considerable 
increase from that of the uncoordinated C=C bond in the free 
0 
p -nitrophenylacetylene (1 . 193(3) A) . The deviations of the 
C-C =C angles from linearity (~ 40 ° in each complex) are 
markedly greater than those in the free ac e tylene (~ 3 ° ), 
indicating a considerable rehybridization of the acetylenic 
carbon atoms on coordination of the acetylene to the metal . 
Section II describes the X-ray structures of three unusual 
ditertiary phosphine complexes of manganese, [MnC1 2 (diphos) 2 Jn+ 
(n = 0,1,2 ; diphos = o -phenylenebis(dimethylphosphine)). All 
three complexes are tran -octahedral with the manganese atom 
on a crystallographic centre of symmetry. The Mn-Cl bond 
0 
lengths (2 . 502 (1) , 2 . 239 (1) and 2 . 195 (1) A r e spectively) 
decrease as the oxidation state of the metal increases from 
r 
+2 to +4. In contrast, the Mn-P bond lengths decrease in 
passing from Mn(II) to Mn(III), but increase from Mn(III) to 
0 
Mn(IV) (mean values 2.625, 2 . 345 and 2.428 A for n = 2, 3 and 
4 respectively). A study of the Cl . .. H(methyl) distances in 
each complex suggests that this increase is due at least 
partially to steric interference between the methyl groups 
and the chlorine atoms. Apparently , the Mn-Cl interaction in 
the higher oxidation states is strengthened at the expense of 
the Mn-P interactions. The benzene ring of the diphos ligand 
makes angles of 10.0 ° , 11 . 0 ° and 18.4 ° with the MnP 2 plane in 
the Mn(II), Mn(III) and Mn(IV) complexes respectively. The 
bend appears to be due to a combination of intra- and inter-
molecular forces. 
Section III describes the oxidative addition reactions of 
ethyl D(+)-2-bromopropionate, CH 3CHBrC02Et, with the d
8 
transition-metal complexes, t~ans -IrX(CO) (PPh 2Me) 2 (X = 
Cl,Br), PtMe 2 (diars) (diars = o -phenylenebis(dime thylarsine)) 
and (Co(dmgH) 2py] (dmgH = dimethylglyoximate monoanion, 
py =pyridine) . The resulting octahedral d 6 adducts were 
found to be optically inactive under all experimental conditions. 
Reaction of the bromoester with cis -PtMe2 (PPhMe 2 ) 2 gives 
PtMeBr(PPhMe 2 ) 2 as the only isolable product, probably formed 
by decomposition of an intermediate platinum(IV) adduct. 
Structures of the adducts are suggested on the basis of IR 
and NMR spectral data and possible mechanisms for ra cemiza tion 
of the optically active centre as a consequence of oxidative 
addition are discussed. 
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CHAPTER 1 
BONDING IN METAL- ACETYLENE COMPLEXES 
1.1 Background 
The term " TT -bonding" , as applied to transition metal 
complexes, is commonly used to refer to two distinct but 
closely related metal-ligand interactions . The first of 
these is the donation of electrons from a ligand TT -system 
into empty metal orbitals (often dsp-type hybrids) to form a 
metal-ligand a -bond. The TT - system of the ligand is commonly 
an aromatic system (such as a cyclopentadienyl anion or a n 
arene), an olefinic or acetylenic bond or a conjugated system 
(such as 1 , 3-butadiene or cyclooctatet r aene) . 
The second type of interaction in complexes covered 
by the term TT -bondi ng involves donation from filled metal 
d orbitals into empty ligand TT *-orbitals (or d orbitals if 
these are sufficiently low in energy) to form a TT -bond between 
metal and ligand. Thi s interaction often occurs concomitantly 
with the first type. The degree to which each interaction 
occurs is dependent on the ligand and the type and formal 
oxidation state of the metal. 
The years 19 51 to 1953 were important in the 
recognition of the existence of TT - bonding in transition metal 
complexes. In this time, ferrocene was discovered [ l,2 1 and 
its nove l sandwich structure postulated [3 , 4] . This was the 
first time that the full sextet of electrons in an aroma t ic 
TT -system was recognized as a potential a -donor to metals . 
The period also saw the recognition of the mode of bonding 
2 
in metal-olefin complexes. In 1951, Dewar [5) proposed a 
bonding scheme for silver(I)-olefin complexes involving 
donation from the olefin n-bond into the empty silver 5s 
orbital and simultaneous donation of electrons from a filled 
silver d orbital into the n*-orbital of the olefin. On the 
basis of this idea, Chatt and Duncanson [6] proposed a mode 
of bonding of ethylene in Zeise 's salt (K[PtC1 3 (c 2H4 )J .H 20) , 
supporting their ideas with IR data for both this salt and 
the propylene analogue. Zeise's salt had in fact been known 
since 1827 [71, but the mode of bonding of the ethylene had 
been a subject of contention [8 -14 ] for a considerable time. 
The model proposed by Chatt and Duncanson (often referred to 
as the Dewar-Chatt-Duncanson or DCD model) , involves donation 
2 
from the ethylene n-orbital into a vacant platinum dsp 
hybrid with back-donation from a metal dp hybrid into the 
ligand n* -orbital (Figure l.la). Their suggestion that the 
plane of the olefin would probably be perpendicular to the 
A - -
(a) 
ligand -*metal 
donation 
metal-+ ligand 
donation 
Figure 1 .1 
(b) 
z 
,, B 
3 
PtC1
3 
coordination plane (Figure l.lb) wa s verified by X-ray 
di ffraction data [15,16 ) . 
In the same paper, Chatt and Duncanson also mentioned 
attempts to prepare acetylene complexes of Pt(II) by direct 
replacement of ethylene in [PtC1 2 (c 2H4 )J 2 . However, no 
complexes were isolated although colour changes (and 
reduction to platinum metal) occurred in the solution on 
addition of dimethyl- or diphenylacetylene . An acetylene 
complex trans -PtC1 2 (pyridine) (Me 2C(OH)C =CC(OH)Me 2) had been 
reported [17) prior to this work. In 1961, Chatt , Guy and 
Duncanson [18] showed that Pt(II)-acetylene complexes were 
stabilized by bulky groups on the acetylene . They obtained 
t 
stable Pt(II) complexes of acetylenes of the form (Bu C=CR) 
t i (R=Bu, Pr , Et, CMe 2Ph). The IR spectra of the acetylene 
complexes showed a slight drop in the stretching frequency 
-1 
of the C=C bond on coordination of the lig and (~ 200 cm ) . 
The same bonding scheme was proposed for them as for the 
Pt(II)-olefin complexes in which a drop in C=C stretching 
-1 frequency of ~ 140 cm was observed. 
The first zerovalent platinum- acetylene complexes 
were reported in 1957 [19]. These had the fo rmula 
Pt(PPh
3
)
2
(ac) (where ac is an acetylenic substance) , and 
were prepared by the reduction of an alcoholic suspension 
of cis -PtC1
2
(PPh
3
)
2 
in the presence of an acetylene . They 
were found to be more stable to air and moisture than 
Pt(II )-olefin complexes. From a study of the displacement 
in solution at room temperature of one acetylene by another , 
it was suggested that the stability of the complexes 
increases in the order of acetylenes : 
indicating that the stability inc r eased with increasing 
electronegativity of the substituents. 
4 
Two possible structures (Figure 1.2, I and II), based 
on the DCD bonding model for Pt(II) -olefin complexes, were 
proposed [19] . 
R 
L I 
"" C Pt-- --Ill 
L/ I 
R' 
I II 
Figure 1.2 
In type I (the dashed line indicates the DCD type of 
bonding), it was suggested that the back - bonding from metal 
to ligand would be greater than the bonding from ligand to 
metal , and that the plane of the acetylene would be perpen-
dicular to the PtP 2 plane . In type II , where the acetylene 
is coordinated by two a -bond s , the acetylene would be in the 
PtP
2 
plane and the platinum atom would be in the dsp 
2 
hybridized state . It was felt that type II would more 
accur tely represent the correct structure . That the 
proposed geometry of the type II structure was in fact 
correct was verified in 1967 by the X-ray structure determin-
ation of Pt(PPh
3
)
2
{PhC =CPh) (201 which showed that the PtC 2 
plane ma de an angl e of a bout 14 ° with th e PtP 2 plane . The 
C=C bond l e ngth was found to be 1.32 A - a considerable 
increase from the triple bond leng th in a fr e e acetylene 
0 (~ 1 . 20 A) . The phenyl rings of the acetylene were found to 
be bent back from a linear configuration by about 40 ° . NMR 
data indicated that the approximate planarity of Pt(O)-
acetyl e ne comple x e s (and the analogous Ni(O) complexes) was 
also maintained in solution at room temperature (21] . 
5 
Ze rova l e nt platinum-ol e fin complexe s analogous to the 
acetylene compl e x e s we r e first r e porte d in 1962 (22] . They 
we r e prepare d by a simil a r me thod to the acetyle ne compl e x e s, 
but d e compose d on att empt e d r e crysta lliza tion . It appeare d 
tha t the ol e f i n complexes we re also stabilize d by more 
el e ctronegative substitue nts on the a c e tylenic carbon atoms. 
Compl e xes of Pt(O) similar to the olefin and acetylene 
compl e xes ar e also formed by carbon disulphide (23] and 
trifluoroacetonitrile (24] . Furthermore , unstable species 
suc h as cyclohexyne (25] and cycloheptyne [ 26 1 c a n be 
s t abiliz ed by coordi na t ion to Pt(O ) . 
Ze rova lent palladi um [2 1, 27, 28] and n i ck e l (21,29 , 30 ] 
a l so form ol e fi n a n d acetyl e ne complexes a lthough few o f 
thes e e xh ibi t the t he r ma l s t abi l ity of many of th e Pt(O) 
comp l e xes . 
I n 1 968 , Mason [ 31 1 po in t ed ou t th e similarity of the 
g e ome t r y o f t he coordinat d acety l e n e in PtiPPh 3 ) 2 (PhC =CPh) 
(20] n d in co 2 (co ) 6 (Ph C=CPh) [3 2] to that of the c i s -bent 
exc ited s t ate of acety l e nes (which is slightly higher in 
e ne r g y tha n t he t Pans - be n t exc i ted s t a te due to greater non-
6 
bonded repulsion interactions). The mean C=C-Ph angle in 
these complexes is 140 ° and the mean C=C bond length is 1.39 A, 
both of which compare we 11 with values of 14 2 ° and 1 . 38 A 
(respective ly) estimated for the cis -bent excited state of 
acetylene (33] . Similar results are obtained for carbon 
disulphide in the free state and in the complex Pt(PPh 3 ) 2 (cs 2 ) 
[ 34 I 2 3 J • Using modified CNDO calculations, Blizzard and 
Santry (35] have calculated that the cis -bent geometry of 
coordinated acetylenes is slightly lower in energy than the 
corresponding tPans -bent geometry. From arguments based on 
symmetry, it was suggested that the tPans -bent structure 
weakens the metal-acetylene bond, whereas the cis -bent 
structure does not affect it greatly. 
As a result of some semi-emp i rical one-electron 
molecular orbital calculations (36,37], a modification of 
the DCD hybridization scheme for Pt(O)- and Pt(II)-olefin 
and -acetylene complexes has been proposed. For the zerovalent 
complexes, the suggested metal hybridization is given as dp
2 
rather than sp2 [19] , the calculations indicating that the s 
orbital does not participate in the bonding. Similarly , the 
2 2 2 
proposed hybridization for Pt(II) is d p rather than dsp 
(6,18]. Howe ver, there is some doubt about these schemes , 
particularly since 13c NMR studies of both Pt (0)- and Pt (II)-
olefin and - acetylene complexes indicate that the coupling 
between the metal and the olefinic or acetylenic carbon atoms 
is dominated by the platinum 6s orbita l contribution to the 
olefin- or acetylene -metal a -bond (38] . 
Similar mol cular orbital calcul a tions , using two 
simple (non-exist nt) complexes as mode l compounds (viz . 
7 
Pt(PH 3 ) 2 (CH 3C=CCH 3 ) and Pt(PH 3 ) 2 (H 2C=CH 2 )) indicate that for 
the zerovalent platinum complexes , the most stable configur-
ation is the "square -planar" arrangement (i . e . with the 
olefin or acetylene parallel to the coordination plane), with 
a total energy of about 3.5 eV less than that of the "pseudo-
tetrahedral" arrangement (with the olefin or acetylene 
perpendicular to the coordination plane) [39] . Calculations 
for the divalent complex, trans -PtC1 2 (NH 3 ) (H 2C=CH 2 ), suggest 
an energy difference of 1.1 eV between the two configurations, 
with the perpendicular arrangement of the olefin being the 
more stable configuration. These energy differences suggest 
that rotation of the ligand about the metal-ligand axis may 
be possible at room temperature for divalent platinum 
complexes and at higher temperatures for the zerovalent 
platinum complexes. However, an estimated error of ~ 2 eV in 
the values for the total orbital energy of the complexes 
indicates that the calculated energy differences are 
inherently unreliable. 
Despite this , the results are borne out by experiment 
to some extent . Single crystal NMR studies [40] indicate 
th t the ethylene molecul in Zeise ' s salt is undergoing a 
consid rabl d gree of oscillation both about the C=C axis 
and the metal-ethylene coordination ax is. Similar rotation 
about the metal -olefi n axis occurs in solution at room 
t emperature in tr>ans -PtC1 2 (2, 4, 6-trimethylpyridine) (ol) 
(ol=styrene , t - butylethyl e ne ) [41], and in PtCl(acetyl-
acetonato) (ol) (ol=ethylene, propylene , i - but-2-ene , 
tr> an -but-2- ne and tetramethylethylene) [42] . For these 
latt r fiv comp l exes , th b rri rs to rotation range from 
8 
-1 10.9 to 15.8 kcal mole . Similar values are found for 
-1 
ethylene in Rh(C 5H5 ) (C 2H4 ) 2 (15. 0 ±0.2 kcal mole (43 ,44 1 -
previously reported as 6 kcal mole-l (45)) and in 
Cr(C 5H5 ) (CO) (NO) (C 2H4 ) (11.4 kcal mole-l measured in cs 2 ) (46) 
and for acetylene in Cr(C 5H5 ) (CO) (NO) (C 2H2 ) (13. 7 kcal mole-l 
measured in cs 2 ) (47) . It is noteworthy that, in these last 
two complexes, the acetylene has only a slightly greater 
barrier to rotation than the ethylene . 
On the other hand , rotation of olefins or acetylenes 
in zerovalent platinum complexes has not been observed. 
NMR studies of Pt(PPh 3 ) 2 (PhC =CMe) (48,211 and of the 
analogous nickel complex (21) show coupling between the 
methyl hydrogen atoms and both the trans and cis phosphorus 
atoms , indicating that rotation of the acetylene is slow on 
the NMR time scale ( < 1.2 sec- 1 ). The same is true for 
monosubstituted acetylene (49] and fluoro-olefin (50) Pt(O) 
complexes. 
It has been suggested (39] that the barrier to 
rotation for platinum-acet~,ler.e complexes is greater than 
for olefin complexes . However , this is not supported by 
data obtained from 13 c NMR experime nts [381 . Furthermore, 
t IR data on complexes of the form ML(Bu NC) 2 (M=Ni,Pd) 
indicate that for L = PhC =CPh , the metal-ligand interaction 
is weak r than for L = CH 3o 2ccH=CHC02cH 3 , while for 
L = CH
3
co
2
c : cco 2cH 3 , the interaction is comparable or even 
greater than that for the olefin complex (51). 
Since the r epor t of the X-ray structure of 
Pt(PPh
3
) 2 (PhC =CPh) in 1967 (20) , a number of structures of 
9 
Pt(O) complexes of acetylenes (25 ,26, 52 , 53] and olefins 
(54-57), as well as some Pd(O)- and Ni(O)-acetylene complexes 
(27-29) and Ni(O)-olefin complexes (30 ,58 ] , have been 
published. The structures of two complexes closely related 
to the acetylene and olefin complexes - M(PPh 3 ) 2 (cs 2 ) 
(M=Pt (23), Pd (59)) - have also been reported. All these 
complexes have two main features in common: 
1. An approximately planar arrangement of the 
coordination sphere, with dihedral angle, 6 
(see Figure 1 .3), ranging from 1.3° to 14.4° 
Figure 1.3 
(with the notable exception of 23.9° for 
Ni(Bu t NC) 2 (TCNE) (58), in which there appears 
to be a considerable degree of folding between 
the two coordina tion planes contributing to 
the high value of 6 ). 
2. A l e ngthening of th e C-C (C-S) multiple bond 
of the unsaturated ligand indicative of a 
r e duction of about one in the bond order. 
A furth r f e ature of the acetylene (and cs 2 ) complexes 
of z rov l e nt me t ls is the d e vi tion from linearity of the 
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substituents on the acetylene (or of the cs 2 species) , giving 
values of 8 (Figure 1 . 3) ranging from 31 ° to 44 ° (with the 
exception of Pt(PPh 3 ) 2 (cyclohexyne) where 8 is 52 ° due to 
the steric strain of the ring). 
The lengthening of the C- C (or C- S) bond (and, to a 
lesser degree , the deviation from linearity of the ligand) 
are indicative of a strong n-component ( i . e . metal (d or dp 
hybrid (60])-ligand( n *) donation) in the metal-ligand inter-
action . This, plus the marked thermal stability of these 
complexes (particularly the acetylene complexes), indicates 
a strong me tal-ligand bond. The fact that increasing the 
electronegativity of the substituents increases the strength 
of the metal-ligand interaction suggests that the n- component 
plays a dominant role in the metal-ligand bond compared with 
the ligand(n)-metal(d) donation (the a -component) . 
On the other hand , structures of Pt(II) - olefin and 
-acetylene complexes (such as Zeise ' s salt [15 , 161 , trans -
Ptc12 (p -toluidine) (Bu t C:,CBu t) [ 61] and K [ PtCl 3 (Et2C (OH) C:: C-
c (OH) Et
2
) J [ 16 J) show that the C=C or C:: C bond changes very 
little on coordination of the olefin or acetylene compared 
with the Pt(O) complexes. Furthermore , the value s of 8 for 
the Pt(II) complexes (~1 8 ° ) are considerably lower than for 
the zerovalent complexes . This fact, plus the previously 
mentioned observed rotation in the platinum(II) - olefin 
complexes , indic tes a comparatively weak interaction between 
the unsaturated ligand and the metal. These .complexes all 
h v the un saturat d ligand perpendicular to the 
coordination plane in the solid state . 
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In summary, the bonding scheme for platinum-acetylene 
and -olefin complexes is essentially the same for the zero-
valent as for the divalent complexes. For each, there are 
two components of the bonding: a a -component involving 
donation from a ligand TI -orbital into an unoccupied metal 
hybrid orbital, and a TI-component involving back-donation 
from a metal d (or dp hybrid (60)) orbital into a TI *-orbital 
of the ligand. The loss of electron density from the ligand 
TI -orbital and the concomitant increase in electron density 
in the TI *-orbital lead to a reduction in the bond order of 
the ligand multiple bond. 
The Pt(O)-olefin and -acetylene complexes have a 
strong metal-ligand interaction whereas that of the square-
planar Pt(II) complexes is weak. In addition to the square-
planar complexes (in which the metal has 16 valence electrons), 
there exists another type of Pt(II)-acetylene complex in 
which the platinum atom is formally five-coordinate (trigonal-
bipyramidal) and has a full shell of 18 valence electrons. 
These are discussed further in chapter 5. 
This introductory background gives only a cursory 
look at a subject in which work is being produced at a 
prolific rate. Fuller coverage of the subject has been given 
in a number of reviews published over the last 15 years 
(62-70], most of which cover both olefin and acetylene 
complexes. A comprehensive coverage of transition metal-
acetylene complexes was published in 1968 by.Bowden and 
Lever (65), and a review on olefin complexes by Quinn and 
Tsai appeared in 1969 (67]. More recently, a general review 
of olefin and acetylene complexes of the transition metals 
has been given by Kemmitt [69) and a general review by 
Hartl ey covering bonding in these complexes was published 
in 1972 [70) . 
1.2 Original aim of the project 
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The inspiration for the work described in chapters 2 
and 3 of this thesis stemmed from some work on acetylene 
adducts of iridium(I) and rhodium(I) published by Collman 
and Kang in 1967 [71) . Most of the complexes described 
are 1:1 adducts of Vaska ' s compound, tran - IrCl(CO) (PPh 3 ) 2 
[721 . From a study of the IR spectra of the complexes, a 
bonding description was proposed and tentative structures 
of the adducts we re suggested . The IR spectra show an 
increase in vC=O (the stretching frequency of the coordinated 
carbonyl group) of ~ 40-110 cm-l indicating a slight decrease 
in the degree of back-bonding from the metal to the 
n*-orbitals of the CO groups in the adducts. The value of 
vC=O for Vaska's compound is 1950 cm-l (KBr disc or Nujol 
mull). 
Uncoordinated disubstituted acetylenes have values of 
-1 
vC=C ranging from 2035 to 2240 cm for various conjugated 
and unconjugated substituents [73) . On coordination the 
stretching frequency of the C=C bond drops by an amount which 
is roughly proportional to the degree of metal-ligand 
interaction . Collman and Kang made tentativ~ assignments 
of vC=C bands in the complexes although some of these are 
quit uncertain due to the proximity of bands arising from 
c rbonyl groups in the ester substituents of some of the 
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acetylenes . 
Two of the complexes which were investigated are 
IrCl (CO) (PPh 3 ) 2 (ac) (ac = PhC =CC0 2Et (I), p -N02c 6tt 4C=C-
C02Et (II)). The values reported for vC=C are 2060 cm-l 
for I and 1750 cm-l for II. The difference between these 
values was interpreted as indicating a large difference in 
the degree of back-donation between the two complexes. The 
proposed bonding scheme for I (Figure 1 .4 a) involves 
virtually no back-donation whereas the bonding in II (Figure 
1 . 4b) was considered to involve a "metallocyclopropane" 
I 
C 
Ir~111 
C 
I (a) ( b) 
Figure 1 . 4 
structure, although it was mentioned that the two bonding 
sche mes may be "extreme descriptions of a gradual 
transformation". 
However, it seems highly surpri s ing that replacement 
of the phenyl substituent of the acetylene in I by a 
p -nitrophenyl group (to give II) could cause such a large 
difference in the nature of the iridium-acetylene interaction. 
The infe rence from these results is that the .nitre group 
increases the electronegativity of the phenyl ring to such 
an extent that the metal-acetylene bond changes from a 
predominantly o-interaction to a predominantly n-interaction. 
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If this result were correct , the length of the C=C bond of 
the acetylene in I would be expected to be close r to that of 
the free acetylene (~ 1 . 20 A) whereas in II , it should be 
considerably longer . Similarly , the deviation from 
linearity of the substituents on the coordinated acetylene 
would be expected to be considerably greater for II than 
for I . 
The initial aim of the project was to prepare adducts 
I and II by the methods described by Collman and Kang (71] , 
compare IR and elemental analyses with those given and carry 
out X-ray structural determinations of both add ucts to 
observe precise differences in geometry betwee n them and 
hence to gauge the effect of the pre sence or abse nce of the 
nitro group . 
The following section describes the r esult of the 
attempts to repeat the work of Collman and Kang . Experimental 
details are given in Appendix 3. 
1.3 Reaction of Vaska ' s compound with two acetylenes 
1.3.1 Re acti on of Vaska ' s c ompo und with e t hJZ he n Zpr opiola t e 
The reaction of Vaska ' s compound with e thyl phenyl -
propiolate at 100 ° was carried out exactly as d escribed by 
Collman and Kang . However , the analysis and IR spectrum 
(Nujol mull) of the unrecrystallized product (A) was clearly 
different from that reported by these a u thors (see Table 1 . 1 
for IR frequencies) . The reported IR peaks at 2060 and 1690 
-1 
cm we re not observed . Instead , peaks at 1955(w) and 172 5 (vs) 
TABLE 1.1 
-1 Main IR absorption frequencies (cm ) of Nepp and epp in the free 
and complexed states in the range 2500-600 cm -1 
Nepp 
IrCl (CO) (PPh 3) 2 (N epp) 
Pt(PPh 3) 2 (Nepp) 
epp 
Product of r eac tion 
between IrCl(CO)-
(PPh3) 2 and epp 
Pt(PPh 3) 2 (epp) 
l,3,5-triphenyl-
2 ,4, 6-carbethoxy-
benzene (symmetrical 
arene trimer of epp) 
This thesis 
2250 (m)a 2210 (m)a 1705 (s) 
1590 (m) 1520 (s) 1350 (s) 
1195(s) 860(s) 750(s) 
690(m) b 
1985 (s)d 1970 (s) d 1740 (m)a 
1655(m) 1590(m) 1340(m) 
1250(m) 1190(m) b 
2250 (ml 2230 (m) 1960 (s) 
1700( s) 1590(m) e 
1750 (s)a 1665 (s) 
1510(s) 1340(s) 
1180 (s) 1095 (s) 
750 (s) 700 (s) 
1590(s) 
1250( s) 
860(s) 
b 
2240 (s)a 2210 (s)a 1710 (vs) 
1490(s) 1445(m) 1370(s) 
1290(vs)ll95(vs)1025(s) 
760 (s) 690 (s) f 
1990 (m) 
1560(m) 
1030(s) 
1955 (w) 1725 (vs) 
1240 (vs ) 1180 (s) 
770(m) 710(vs ) 
b 
1740(s)a 1665(s) 1585(w) 
1250(m) 1180(s) 1095(s) 
750(s) 700(vs) b 
1725(vs)1240( s ) 1180(s) 
1035(m) 770(m) 710(s) 
b 
d 
1950(vs)llOO(s) 
690(s) b 
740(s) 
1575(m) 1180(m) 1090(s) 
1025(m) 740(vs) 695(vs) 
b 
Pre vious work (71] 
1990 (s ) 1750 (s) 1680 (s) 
1600(s) 1520(s) 1350(s) 
C 
2060 (s ) 1990 (vs) 1690 (s) 
C 
1950(vs ) c 
a V(C=C ) b Nujol mull C KBr pellet d V(C=O) 
e Chloroform solution (2500-1600 cm- 1 ) f Neat film 
were seen , as well as the reported peak at 1990 -1 cm 
although this peak was of an apparently weaker intensity 
than previously reported. A solution spectrum (chloroform) 
-1 in the region 2500-1600 cm was nearly identical with the 
Nujol mull spectrum . 
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On reacting an excess of ethyl phenylpropiolate with 
Vaska's compound in chloroform at room temperature no 
evidence of any adduct formation was observed in the IR 
spectrum of the solution within three days . 
When the reaction was carried out at ~150° instead of 
100 ° , the resultant precipitate, after addition of methanol, 
was found to be largely Vaska ' s compound . On standing, the 
filtrate produced an off-white product , B, identified by 
microanalysis, NMR spectrum and mass spectrum to be 
l , 3,5-triphenyl-2 , 4 , 6- tricarbethoxybenzene (i . e . the 
symmetrical trimeric arene derivative of ethyl phenyl-
propiolate ). The IR spect rum o f B showed a ve r y st rong peak 
-1 at 1725 cm . Other peaks at 1240 , 1180, 1035, 770 and 
710 cm-l were all observed in the spectrum of product A. The 
NMR spectra of A and B were virtually identical, except that 
the spectrum of A suggested a small amount of impurity. 
-1 . 
The presence of the bands at 1990 and 1955 cm in 
the IR spectrum of A suggests that this product may contain 
some Ir(III)-carbonyl complex (such as , perhaps, an Ir(III)-
metallocyclopentadiene ("iridocycle") complex (74)) . It will 
not be possible to verify the truth or otherwise of this 
conjecture until the iridium complex can be isolated . It 
may be possible t0 do this by carrying out the reaction at 
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a lower temperature (perhaps 50-80 ° ). However, it seems 
certain that the product obtaine d by the method described 
by Collman and Kang does not produce a 1:1 Ir(III)-acetylene 
adduct. The satisfactory agreement between the calculated 
and observed analysis figures quoted by Collman and Kang for 
C, Hand molecular weight of the 1:1 adduct is difficult to 
explain. 
1.3.2 Reacti on o f Va ska ' s compo un d wit h ethyl 
p-nit Pophe nylp Popiol a te 
The reaction was initially carried out as described 
by Collman and Kang (71]. On cooling the solution no 
precipitate was obtained. Addition of ethanol eventually 
produced a small amount of product which was identified by 
the IR spectrum (Nujol mull) to be a mixture of at least 
two compounds, one of which was Vaska's compound (band at 
-1 -1 1950 cm ) . Peaks at 1985 and 1970 cm suggested the 
presence of some Ir(III) adduct. On recrystallization of 
the product from chloroform/ethanol, pure Vaska's compound 
was obtained, suggesting that the adduct exists in solution 
in equilibrium with Vaska's compound and the free acetylene. 
The reaction was repeated in benzene at room 
temperature using two equivalents of acetylene (see Appendix 
3) • The precipitate (C} which was produced within twenty 
minutes showed bands in the IR spectrum at 1985 and 1970 cm 
(Nujol) (Table 1.1) . The band at 1950 -1 due to Vaska's cm 
compound had disappeared. The product gave a satisfactory 
analysis for a 1:1 adduct although the value for carbon was 
a little high. The molecular weight, determined by vapour 
-1 
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pressure osmometry in chloroform, gave a value of 622 as 
opposed to the calculated value of 999, suggesting that 
extensive dissociation does occur in chloroform. This was 
furth e r supported by the IR spectrum in chloroform solution 
which was run within three minutes of dissolution of the 
compound. The spectrum showed bands at 2230 and 2250 cm-l 
due to the fr ee acetylene, as well as strong bands at 1960 
-1 (Vask a ' s compound), 1700 and 1590 cm . The band at 1960 
was r e duced in intensity on addition of extra free 
acetylene . These results strongly suggest an equilibrium 
of the type: 
The medium intensity bands in the Nujol mull IR 
spectrum of product Cat 1740, 1655, 1590, 1510 and 1340 
-1 
cm 
-1 
cm 
are in approximate agreement with bands at 1750, 1680, 
-1 1600, 1520 and 1350 cm reported by Collman and Kang (KBr 
-1 
pellet), although they reported no band at 1970 cm . 
An IR spectrum of C run as a KBr pellet produced peaks 
with in 5 cm-l of those in the spectrum of the Nujol mull 
of C. 
-1 In the range 1800-625 cm , there is remarkably good 
agreement between the IR spectrum of the Ir(III) adduct and 
that of the complex Pt(PPh 3 ) 2 (p -N02c 6H4C=CC0 2~t) which 
strongly suggests that C is indeed a 1:1 adduct of Vaska's 
compound and ethyl p -nitrophenylpropiolate with the acetylene 
bound to the metal by a n-bond. 
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All attempts to grow crystals of C resulted in 
decomposition of the complex or gave crystals of Vaska's 
compound. At this stage attention was turned to the zero-
valent platinum acetylene adducts. Although these complexes 
10 8 
are formally d (whereas the Ir(I) adducts are d), it was 
felt that if there were a large difference in metal-ligand 
interaction in the Ir(I) adducts , this would most probably 
also be seen in the platinum complexes to some degree. 
1.4 Scope of the work 
Chapter 2 describes the preparation and the X-ray 
structure determination of (ethyl p -nitrophenylpropiolate)-
bis(triphenylphosphine)platinum (Pt(PPh 3) 2 (Nepp)) and 
reports the results of the structure. Chapter 3 similarly 
deals with the complex (ethyl phenylpropiolate)bis(triphenyl-
phosphine)platinum (Pt(PPh 3 ) 2 (epp)). The determination of 
the X-ray structure of the free acetylene, ethyl 
p -nitrophenylpropiolate, is described in chapter 4. This 
structure was undertaken to provide accurate data to allow 
assessment of the changes in the acetylene on coordination 
to platinum(O) . In chapter 5, the structures of the two 
complexes are compared with each other and with similar 
complexes . 
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CHAPTER 2 
PREPARATION AND MOLECULAR STRUCTURE OF (ETHYL 
p -NITROPHENYLPROPIOLATE)BIS(TRIPHENYLPHOSPHINE)PLATINUM(O) -
Pt(PPh 3 ) 2 (Nepp) 
2 . 1 Introduction 
Complexes of the general formula Pt(PPh 3 ) 2 (ac) (ac = 
non-terminal acetylene) were originally prepared (19] by the 
reduction with hydrazine of an alcoholic suspension of 
cis -PtC1 2 (PPh 3 ) 2 in the presence of an acetylene . 
For the present study, it was decided to try to 
prepare Pt(PPh 3 ) 2 (Nepp ) (Nepp = ethyl p -nitrophenylpropiolate , 
p -No2c 6H4C=CC0 2Et) by reacting the acetylene with Pt(PPh 3) 3 
in ethanol . This proved to be a simple method of obtaining 
the complexes . 
2.2 Experimental 
2 . 2 . 1 Preparation of the acetylene : ethyl p- nitrophenyl -
propiolate 
To prepare p -nitrocinnamic acid , p -nitrobenzaldehyde 
was reacted with malonic acid in ethanol (75) . This was 
esterified and brominated (76] to give ethyl 1 ,2-dibromo-p -
nitrocinnamate , which was then treated with alcoholic 
potassium hydroxide (76] to give p -nitrophenylpropiolic acid . 
The ester , ethyl p -nitrophenylpropiolate, was obtained by 
bubbling hydrogen chloride through an ethanolic solution of 
the acid (76] and the product was recrystallized from 
ethanol (m. p . 107-109 ° ). 
2.2 . 2 Preparation o f tr is(triphenylphosphine)platinum( O) 
(Pt(PPh 3J 3 ) 
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The complex cis -dichlorobis(triphenylphosphine)-
platinum(II) was prepared by refluxing a suspension of 
platinum(II) dichloride (1 g) in chloroform (40 ml) with 
triphenylphosphine (2 . 5 g - 1 . 25 equivalents) for 12 hours. 
The solution was cooled and the white precipitate was 
filtered in air , washed with chloroform and dried under 
vacuum for several hours (yield 2 . 1 g - 72 %). 
To make the Pt(O) complex, a modification of the 
method of Ugo et al . was used [77) . An alcoholic solution 
of potassium hydroxide was first prepared by dissolving 
potassium hydroxide (0.14 g - 1 equivalent) in alcohol (50 ml) 
and wat e r (3 ml) . To this was added triphenylphosphine 
(0.72 g - 1.1 equivalents) and cis -PtC1 2 (PPh 3 ) 2 (2 . 0 g) . 
The suspension was heated under nitrogen to 50° and kept 
at this temperature f o r 3 0 minutes. The ye llow pro d u c t was 
filtered under nitrogen , washed (alcohol , water, then 
alcohol again), dried and stored under vacuum , away from 
light (yield of Pt(PPh 3 ) 3 1 . 7 g - 68 %) . 
2 . 2 . 3 Preparation of (ethyl p-nitrophenylpropiolate)bis -
(triphenylpho phine)platinum(O) (Pt (PPh 3J 2 (Nepp)) 
A suspension of Pt(PPh 3 ) 3 (0 . 20 g - 1 equivalent) in 
ethanol (10 ml) was stirred with Nepp (0 . 08 g - 1 . 8 
equivalents) under nitrogen for 6 hours . The resulting 
orange suspension was concentrated to about 5 ml and the 
precipitate was filtered , washe d (ethanol) and dried under 
vacuum (yield 0 . 17 g - 72 %) . 
Anal y s i , Calculated for PtP 20 4Nc 47 H39 , C, 60.13; H, 4.16; 
N, 1.49; 
Found, C, 5 9. 9 6; H, 4. 19; N, 1. 12. 
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Crystals of the complex suitable for X-ray diffraction 
study were grown from a benzene/heptane mixture (1:2). 
2.2.4 IR and NMR spectPa 
The IR spectrum of the free ligand ethyl 
p -nitrophe nylpropiolate, measured as a Nujol mull, exhibits 
a split band centred at 2230 cm-l due to the C=C stretching 
mode . This lies within the range 2260-2210 cm-l reported 
for disubstituted acetylenes by Bellamy [78). There is also 
-1 
a strong band at 1705 cm attributable to the carbonyl 
stretching frequency of the ester group. The bands at 2230 
-1 
and 1705 cm disappeared in the spectrum of the complex 
Pt{PPh 3 ) 2 (Nepp) and two strong bands appeared at 1750 and 
-1 -1 1665 cm , the former being comparable with a value of 1775 cm 
for the coordinate d C=C bond in Pt {PPh 3 ) 2 (CF 3c =CCF 3 ) [ 79 J , 
and values of 1768 and 1740 cm-l for Pt{PPh 3 ) 2 {PhC=CPh) [21). 
Maitlis et al. (21) quote values of vC=C for Pt(O)-acetylene 
-1 
complexes in the range 1740-1845 cm 
Other strong bands in the spectrum of Pt(PPh 3 ) 2 {Nepp) 
were observed at 1590, 1510, 1430, 1340, 1250, 1180, 1095, 
-1 860, 750 and 700 cm 
The NMR spectrum (in d e uteriochloroform at 100 MHz) 
of the free acetylene, Nepp, shows a pair of doublets at 
1.72 and 2.26 T respectively {due to the four phenylene 
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protons), a quartet at 5.68 T (due to the methylene protons), 
and a tripl e t at 8 . 62 T (due to the methyl protons). The 
four groups of peaks integrate in the expected ratio 
2: 2: 2: 3. 
In the NMR spectrum of the complex Pt(PPh 3 ) 2 (Nepp) 
(in deuteriochloroform) the methylene and methyl resonances 
are both shifted upfield to 6.25 and 9 . 09 T from their 
positions in the spectrum of the free acetylene. 
2.3 Data Acquisition 
2.3.1 Initial cell dimensi ons and s pace group determination 
Bright-orange, diamond-shaped crystals of the 
complex Pt(PPh 3 ) 2 (Nepp) were grown by evaporation from a 
benzene/heptane (1:2) solution. The crystal faces are 
consistent with 2/m (C 2h) point-group symmetry . A crystal 
of dimensions 0 . 300 x 0 . 475 x 0 . 135 mm (in the directions 
[lOlJ, [010) and (101] respectively) was mounted along the 
unique 2-fold axis. An examination of oscillation and zero-
and first-layer Weissenberg and precession photographs 
revealed that the crystal belongs to the monoclinic system 
(Laue group 2/m) and that the crystal was mounted along the 
unique b axis . 
Reflections of the form: 
hO i : h + i = 2n + 1 
OkO: k = 2n + 1 
were absent, uniquely identifying the space group as P2 1/n 
5 
which is a non-standard setting of P2 1/c (C 2h' no . 14 [801) · 
Approximate cell dimensions , calculated from 
photographs , are a= 12 . 82 , b = 14.98 , c = 22 . 04 ~ . 
B = 91 . 0 ° , V = 4232 A3 . 
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The density , pm' determined by flotation in aqueous 
barium iodide solution , was found to be 1.51(1) g cm- 3 The 
molecular weight, M, of the complex (assuming no molecules 
of solvation) is 938.83 . Using this and the approximate cell 
dimensions, -3 the calculated density, p , is 1 . 47 g cm for Z 
C 
(the number of molecules per unit cell) equal to 4 . The 
symmetry operations of space group P2 1/n give rise to four 
equivalent positions in the unit cell : 
X 
-x 
y 
-y 
z 
-z 
~ +x 
~-x 
~-y 
~+y 
~+z 
~- z 
and hence, no crystallographic restrictions are necessarily 
imposed on the symmetry of the molecule. 
2 . 3 . 2 Diffractomete r data collection 
The crystal was transferred to a Picker FACS-I four -
circle diffractometer. It was aligned with~ approximately 
parallel to the $-axis and was centred optically . Graphite 
0 
monochromated MoK radiation ~=0.71069 A) was used for the 
a 
data collection . Using the approximate cell dimensions 
obtained from films and the location of two low-angle axial 
r eflections (i . e . hOO and OO t ) , an approximate orienting 
matrix was calculated . The values of 2 6 , w, x and $ for 
fourteen higher-angle reflections were accurately determined 
using an automatic centering routine (MoK a 1 radiation , 
A= 0.70926 A; tube take-off angle 1 . 5 ° ) . The angles of two 
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of these reflections were r efined , along with the cell 
dimensions , using the angles of the other twelve reflections 
as observe d data . The method of calculation of the angles 
for any reflection in a four - circle diffractometer system 
and the method of least-squares refinement of the angles 
have been described by Busing and Levy (81]. After three 
cycles , the refinement converged giving refined cell 
0 
dimensions of~= 12 . 713(9) , ~ = 14 . 922 (5), £ = 21. 855 (10) A, 
03 8 = 90 . 53(1) 0 , V = 4145 . 8 A . The esd's were obtained in the 
usual way from the inversion of the least-squares matrix and 
make no allowance for other tha n random errors (and hence 
are almost certainly underestimated) . This value of V gives 
a value of pc of 1 . 503 g cm- 3 which is in good agreement with 
the measured value of 1 . 51(1) g cm- 3 
In collecting the data, a scan range of 1 . 80 ° (2 8) 
was specified , after investigation of the peak width of 
several high and low angle reflections . This val ue i s 
modified by the control program by an amount 6 = 6(28) equal 
to the angular separation of the a 1 and a 2 components for 
the reflection concerned. 
To measure a reflection in the bisecting 8-2 8 scan 
mode, the x and~ circles are set to make the scattering 
vector of the reflection und e r investigation horizontal and 
bring it into the plane of the x-circle , and the counter 
is moved to an angle of (2 8 - w/ 2) 0 , where w is the scan 
range . In this mode the x-circle plane always bisects the 
angle between the incident and diffracted beams . An 
integrated scan count , IC , is recorded as the counter is 
moved to an angle of (2 8 + w/2 + 6 ) 0 (6 = the dispersion 
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correction) at a constant angular velocity (2° min-l). 
Because of the bisecting condition the crystal rotates at 
half this speed . Then, with the counter stationary at this 
point, a background count, B2 , is made for a constant period. 
Another background count, B1 , is made at the initial counter 
angle of (2 8 - w/2) 0 for the same period . The period used 
for each background count time was 10 sec, and hence, the 
total background count time, tb' was 20 sec. The total scan 
time, tp' is given by: 
Hence, 
range) 
-1 
tp (sec) = [scan range ( 0 )/scan speed ( 0 min )l x 60. 
-1 for a scan speed of 2° min , t = (30 x scan p 
sec. 
-1 
If the count rate exceeded 5000 counts sec , a nick e l-
foil attenuator was inserted automatically into the 
diffracted beam. Five attenuators were available, giving a 
maximum attenuation factor of about 13.3. The discrimination 
levels were set to admit 95% of the MoK peak. 
a 
Reflections of the form +h-k±i were measured within 
the range 3 ° ~ 2 8 ~ 60 ° . The tube take-off angle used was 
4 ° . The crystal to counter distance is 32 cm. Data collection 
was monitor e d by measuring three standard reflections (10 0 0, 
0 -12 O and O O 16) after every 50 reflections. A linear 
drop in inte nsity of about 17 % was observed during data 
collection and a correction for this was subse quently made 
(see n e xt section) . A total of 13597 reflections was 
measured. 
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2 . 3.3 Da t a r edu ction 
A gra ph of inte nsity against r e fl e ction sequence 
numb e r was plotted for each of the three standard reflections , 
using the program DATSET (see Appendix 1) . To each of the 
thre e graphs a least - squares line of best fit was calculated . 
The slop e of each line is a me asure of the fractional drop 
in intensity per reflection (which is taken to be directly 
propo r tional to drop i n intensity per unit time) . The three 
values of the rate of crystal degradation per reflection 
were: 
10 0 0 1 . 32 X 10- 5 
0 -12 0 1 . 29 X 10 - 5 
0 0 16 1 . 18 X 10- 5 
The me an fractional drop in intensity during data 
collection ( i . e . the mean rate of decay times the total 
number of r ef l e ctions) was 17.1 %. 
In applying a correction for the linea r drop in 
inte nsity , the method of Churchill and Kalra [82] was 
employed . This correction allows for anisotropic crystal 
d e gradation . The degradation factor DC is given by : 
DC 
whe r e k . is the fraction of the i th standard at this point 
~ 
of time (i . e . a t this sequence number) , and P. is the cosine ~ 
of the angl e b e twe en the reciprocal lattice vector of the 
refl e ction b e ing considered and that of the i th standard . 
The progra m SETUP3 calculates this corre ction factor . 
Values for the intensity , I , of a reflection and 
its standard de viation o (I) we r e ca lculated from the 
following expressions : 
I= AF . DC[IC - (tp/tb) (Bl+ B2 )J 
o (I) = AF . DC[IC + (tp/tb) 2 (B 1 + B2 )J~ 
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where IC , B1 and B2 are scan count and first and second 
background counts respectively , tp and tb are the scan time 
and total background count time (= 20sec) as previously 
defined , AF is the appropriate attenuator factor for that 
reflection and DC is the degradation factor for the 
reflection, as defined above. 
The structure factor amplitude, F , and its standard 
0 
d e vi a tion , o 1 (F0 ) were obta ined from the expressions : 
J.: 
F = (I/Lp) 2 
0 
where Lp is the Lorentz - polarization correction , which 
(assuming an ideally mosaic monochromator crystal) is given 
by : 
Lp = (cos 2 2 e + cos 2 2 e ) / [sin28 (1 + cos 2 2 e ) J m m 
where 8 and 8 are the Bragg angles for the reflection and 
m 
the monochromator respectively ( 8 = 6 . 0°) . m 
The program SETUP3 also checks for reflections with 
uneven backgrounds . If : 
tiB > 6.0 o (8) 
where tiB = B B 1 - 2' 
o (B) = (B 1 + B2/\ 
the backgrounds were considered uneven and the reflection 
was rejected. A value of 60 , while not statistically 
rigorous, was felt to be a more realistic value than 3o , 
since the graphite-crystal monochromator has a fairly wide 
band pass and hence a value of 3o tends to eliminate too 
many reflections. If the calculated value of I was less 
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than zero, F
0 
and o 1 (F0 ) were set to zero and the reflection 
was marked as "unobserved" . 
A second standard deviation o 2 (F0 ) was calculated 
from the expression : 
where P2 (= 0 . 002) is an "instrumental uncertainty factor" 
described by Busing and Levy [83]. This factor takes into 
account systematic errors that are large for reflections with 
a large intensity. 
In the refinement of the structure, the values of 
o
2
(F
0
) were used rather than o1 (F0 ) and will be referred to 
from now on as o2 . 
Using the program SORTIE, equivalent reflections were 
averaged and the data was sorted to produce a unique set of 
8336 structure factor amplitudes for use in the structure 
solution . Only those reflections with I/o (I) > 3.0 were 
included in the sorted data set. A summary of the data 
collection and reduction is presented in Table 2.1. 
TABLE 2 .1 
Crystal data and details of data collection and r educ tion 
Chemical Formula 
Formula weight 
Space group 
Boundary faces of crystal 
(distance from origin (mm)) 
PtP 20 4Nc 47H 39 
938 . 82 
P2 1/n (non- s tandard 
1 0 1(0 . 07) -1 0 
1 0 -1 (0 . 13) -1 0 
1 1 -1(0 . 14) -1 - 1 
1 - 1 - 1(0 . 14) -1 1 
setting of P2/cl 
- 1(0.07) 
l(0.13) 
1(0.14) 
1(0 . 14) 
t 
Cell dimensionst 
0 
a=l2 . 713(9), b=l4 . 922(5), £=21.855(10) A, 
8=90.53(1) 0 , v=4145.8 A3 
Radiation used for refinement 
of cell dimensions 
Measure d density , p 
m 
Ca l culated de nsity , p 
C 
z 
Absorption coefficient , µ 
Radiation used for 
data collection 
Scan width, scan speed 
Scan mode 
Total background count time 
MoKa (A= 0 . 70926 A) 
1 
1. 51 (1) g -3 cm ( flotation) 
1. 503 g - 3 cm 
4 mole c ule s pe r unit cell 
36.84 - 1 cm (MoK) 
a 
MoK_ (X O. 71 0 7 A) 
a 
- graphi te monochromated 
(1.80 + /::,) 0 , 
6- 26 scans 
20 sec 
- 1 2° min 
Standard refle c tions (percentage 10 
drop in intens ity during 0 
data collection) 
0 0(18.0), 
0 16(16 . 0) 
0 -1 2 
Frequen cy of measur ement 
of standard r e flections 
3 e ve ry 50 r eflec tions 
Data collected (2 6 scan limit) +h-k±i (60° ) 
Number of data with I /O (I)~3 . 0 8336 
0 (17 . 5) , 
t Th e cell dime nsions in space group P2 1/c (obtained from those of P21/n 
by the transformation a ' = -a , b ' = -6, c' =a+ c) are a ' =l2 . 713 , 
b ' =l4 . 922 , c ' =25.182 t , $ ' =119 . 8°. 
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2 . 4 Solution and refinement of the structure 
2 . 4.1 Solution o f the Patterson ma p 
Using the program Fourier , a Patterson map was 
calculated over the range O ~ U ~ 1 , 0 ~ V ~ ~ , 0 < W ~ ~ , 
where U, V and Ware the fractional coordinates of the unit 
cell in the Patterson map . The symmetry of the map is that 
of the Laue group , vi z . 2/m for space group P2 1/n , and hence 
the map was calculated as for space group P2/m. 
From a consideration of the general positions of 
space group P2 1/n (given earlier) , it can be seen that 
vectors betwee n symmetry - related atoms give rise to 
Pa.tte rson coordinates at the general positions : 
than 
~ 
~+2x 
2x 
~+2y 
2y 
~+2z 
2z . 
The three largest peaks in 
the origin peak) were : 
~ 0 . 1772 
0 . 6855 ~ 
0 . 8144 0 . 3227 
Harker line 
Harker plane 
the Patterson map 
~ 
0 . 2580 
0 . 2420 , 
(other 
which are consistent with a heavy atom at (0 . 4072 , 0 . 1614 , 
0 . 1210) . These coordinates were assigned to the platinum 
atom . 
2 . 4 . 2 Solution o f the struct ure 
Structure factors based on the contribution from the 
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platinum atom alone were calculated using the program SFLS. 
0 2 
An isotropic temperature factor of 2.0 A was arbitrarily 
assigned to the pJatinum atom . Sca ttering factor tables 
were obtained from International Tables , Vol . III (84). The 
platinum atom was assumed to have a zero oxidation state. 
The values of t. f ' and t. f" were included in the calculation, 
although no allowance was made for the dependence of t. f' and 
t. f" on sin e . An arbitrary scale factor of 1 . 0 (to scale the 
values of the calculated structure factors I F I to the F C 0 
values) was used. After refinement of the scale factor , the 
unweighted reliability factor, R1 , was 0 . 261 and the weighted 
reliability factor , R2 , was 0.346, where R1 and R2 are defined 
by: 
Rl = L ( I F - k I F 11 ) IL I F I , 
h 0 h c h 0 h 
where F = observed structure factor amplitude, 
oh 
F = calculated structure factor , C 
k = scale factor, 
(= 2 and wh = weight of the structure factor 1/o 2 ) . 
using the phases of the values of Fe and the amplitudes 
from the value s of F
0 
(scaled to those of Fe), a Fourier map 
was calculated using the program FOURIER . The map clearly 
reve aled the positions of all non-hydrogen atoms except those 
of the two carbon atoms of the ethyl group in the coordinated 
acetylene. A subsequent structure factor and Fourier map 
calculation based on the 53 atoms found in the first map 
revealed the coordinates of these two atoms. 
2.4.3 Re finem e nt of the structure and application of 
absorption correction 
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The least-squares block-diagonal refinement program 
SFLS was used throughout the refinement of the structure. 
The blocking arrangement used was (4 x 4) for atoms assigned 
an isotropic temperature factor and (3 x 3, 6 x 6) for those 
atoms assigned an anisotropic temperature factor. The scale 
factor was in a 2 x 2 block with the overall temperature 
factor. The anomalous scattering of platinum and phosphorus 
was included in all structure factor calculations . Initially, 
isotropic temperature factors were assigned to the 55 atoms. 
Refinement of the scale factor and the coordinates and 
t emperature factors of all 55 atoms gave a value of 0.085 for 
R1 . At this stage , the isotropic temperature factors of the 
platinum and the two phosphorus atoms were expressed in the 
usual form of anisotropic temperature factors : 
A further cycle of refinement of all parameters, including 
the elements of the anisotropic temperature factors , gave a 
value of 0.081 for R1 . 
The data was then corrected for absorption effects, 
using the program TOMPA, based on the method described by de 
Meulenaer and Tampa (85). This method allows an exact value 
for the absorption correction to be calculated (for a given 
value of the absorption coefficient, µ , and for given crystal 
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dimensions) and hence is preferable to the method of numerical 
integration since the latter method gives only an approximate 
t 
result . The value of the absorption coefficient , µ, is 
-1 36 . 84 cm . The transmission factors ranged from 0 . 653 to 
0 . 810. The indices of the faces of the crystal , and their 
perpendicular distances from an arbitrarily chosen origin in 
the crystal are: 
1 0 1 0 . 070 mm 
- 1 0 -1 0 . 070 
1 0 - 1 0 . 131 
- 1 0 1 0.131 
1 1 -1 0 . 135 
- 1 -1 1 0 . 135 
1 - 1 -1 0 . 135 
- 1 1 1 0 . 135 . 
No correction was made for extinction effects . 
After an a ppropr i ate adjustment of the scale factor , 
the value of R1 dropped to 0.059 on application of the 
absorption correction . Two further refinement cycles reduced 
R
1 
to 0 . 054 . At this stage , only the platinum atom and the 
two phosphorus atoms were being refined with anisotropic 
t The data were originally corrected for absorption using 
the numerical integration method , since , at that time , 
the program TOMPA was not available. The structure was 
then refined fully . The final value of R1 was 0 . 037 . 
When the program TOMPA became available the data were 
corrected for absorption and the structure was refined as 
described above . The final bond lengths and interbond 
angles for the structure based on the TOMPA- corrected data 
were all within twice the parameter standard deviation of 
those obtained from the structure based on the numerical 
integration-corrected data . 
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tempe rature factors. For the next cycle the temperature 
factors of all 55 non-hydrog en atoms were expressed 
anistropically before refinement was continued . Two further 
cycles yielded an R1 of 0.045. 
Hydrogen atom positions were calculated for the 34 
phenyl hydrogen atoms and the two methylene hydrogen atoms , 
using a C-H bond length of 0 . 95 A (86) and assuming normal 
trigonal or tetrahedral geometry . A difference map , based 
on a 55 atom model showed peaks of up to 4 e A-3 close to 
the platinum atom . Comparison of the calculated hydrogen 
atom positions with the difference map revealed a positive 
peak at every calculated position . Hydrogen atom temperature 
factors were set equal to 1 . 1 times the equivalent isotropic 
temperature factor of the bonded carbon atom. Using 
scattering factors of Stewart et al . (87] for the hydrogen 
atoms , subsequent structure factor calculations (including 
55 atoms with anisotropic tP.mperature factors and 36 hydrogen 
atoms with isotropic temperature factors) , and refinement 
(on all non-hydrogen atoms) converged to a final R1 of 0.036 
and R2 of 0.043. For these cycles, only those reflections 
for which 6F/o 2 < 6 .0 (6F = IF0 - klFcl j) were included in 
the refinement . This resulted in 11 reflections being 
neglected . For the last cycle , the largest shift of any 
parameter was 0.07 esd . 
A final difference map revealed four peaks within 
0 0.8 A of the platinum atom . These peaks were. the largest 
0_3 
in the map and were equivalent to 3 . 2 , 1.7, 1.5 and 0.9 e A 
o-3 
respectively. The next largest peak in the map was 0.7 e A · 
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It was not possible to locate with any certainty the 
three methyl H atoms of the ethyl group. Considering that 
the percentage contribution of these three atoms to the 
total electron density in the cell is less than 0.7 % and 
considering the high temperature factor of the terminal C 
atom of the ethyl group (12.6 A2 ) it is not surprising that 
the hydrogen atoms could be not located. 
A list of final observed and calculated structure 
factors (x 10) is given in Appendix 2 and the final atom 
coordinates and temperature factors are given in Table 2.3. 
A summary of the structure solution and refinement is set 
out in Table 2.2 . 
The program ORXFFE was used to calculate bond lengths 
and interbond angles and their esd 's which are shown in 
Table 2.4. The program MEANPL was used to calculate various 
planes of best fit which are listed in Table 2.5. Each 
atom in the plane was assigned a weight of 1/cr where cr is 
the mean esd of the atom coordinates. 
An ORTEP drawing of the molecule, along with the 
atom numbering scheme, is shown in Figure 2.1. 
2.5 Results 
The overall geometry of coordination about the 
platinum atom is a distorted square-planar arrangement of 
the two phosphorus atoms and the two acetylenic carbon atoms. 
The Pt-P(l) and Pt-P(2) bond lengths are 2.277(1) and 
2.286(1) A (see Table 2.4) and the Pt-C(l) and Pt-C(2) bond 
TABLE 2 . 2 
Summary of structure solution and refinement for 
Structure solution method 
Least-squares refinement method 
Atomic scattering factors 
/:J.f ', /:J.f " included for 
Weighting for refinement 
Absorption correction method 
Range of transmission factors 
Patterson heavy atom 
block-diagonal 
Pt , P , O ,N,C: International 
Tables , Vol III [84]; 
H: Stewart et al. [87] 
Pt , P 
de Meulenae r and Tompa (85) 
0 . 653-0 . 810 (mean= 0 . 785) 
Preset length of C-H bonds 0 . 95 ~ 
Data for final refinement cycles !:J.F/o 2 < 6 . 0 
Final model All non-H atoms anisotropic , refined; 
phenyl-Hand methylene- H atoms 
isotropic, not refined; 
Largest parameter shift 
in final cycle 
Summary of R1 values : 
At end of isotropic refinement 
After absorption correction 
All non-H atoms included , with 
methyl-H atoms not included 
0 . 07 esd 
0 . 081 
0.059 
anisotropic temperature factors 0 . 045 
Final 0.036 
Final R2 
0 . 045 
Ratio of observations :variables 8322 : 496 = 16 . 7:1 
Final difference map, largest peaks 
0
_ 3 
- close to Pt atom 3 . 2 e A 3 
- away from Pt atom 0 .7 e ~-
General view of Pt( PP h 3 ) 2 (r e p p), showin y Lhe overall 
stereochemistry and the atom number inJ scheme 
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0 
lengths are 2.014(4) and 2.039(4) A. The longer Pt-C bond 
(viz . that adjacent to the phenyl ring) is approximately 
trans to the longer Pt-P bond. The acetylenic carbon atoms 
subtend an angle of 37.9(2) 0 at the metal atom and the C=C 
bond length is 1.318(6) A. The average bond length for a 
C=C bond in a free acetylene is 1.20-1.21 A and that for 
C=C bond in an olefin is 1 . 33-1 .34 A (88] . Clearly then, 
the acetylenic bond has lengthened on coordination almost 
to the l eng th of a double bond . Furthermore the substituent 
groups of the coordinated acetylene are bent back by ca .39 ° 
(38.3(4) 0 and 39 .8( 4) 0 ) . The expected value of this angle 
in a free acetylene is 0 ° ( i . e . no deviation from linearity). 
In fact , the degree of bending observed is again closer to 
the value of 60° expected for an olefin . 
The angle between the normals of the planes 
P(l)-Pt-P(2) and C(l)-Pt-C(2) is 9.4 ° . The six P-C(phenyl) 
bond lengths are the same at a 90 % confidence level (x 2 test), 
0 
with a mean bond length of 1.826(2) A. The 36 C-C bond 
lengths in the six phenyl rings of the phosphines range 
from 1.343(11) to 1.397(6) A, while the range of the six 
C-C bond lengths in the phenyl ring of the coordinated 
0 
acetylene range from 1.347(8) to 1.401(7) A. 
0 
The length of the C(l)-C(5) bond (1.455(6) A) is not 
significantly different from that of the C(2)-C(6) bond 
0 (1.438(6) A). The C(3)-C(4) bond length (uncorrected for 
thermal motion effects) is 1.450(11) A. The. value expected 
for a C(sp 3 )-C(sp3 ) bond is 1.54 A. The omission of the 
three hydrog e n atoms on C(3) from the calculated model would 
have the effect of lengthening the C(3)-C(4) bond. Clearly, 
36 
the apparent shortening of this bond and the large temperature 
factor of C ( 3 ) (12 . 6 i?) indicate a considerable libra tion 
effect which more than compensates for the small lengthening 
of this bond due to the omission of the hydrogen atoms . The 
length of the C(3) - C(4) bond averaged over thermal motion 
0 (assuming C(3) rides on C(4)) is 1 . 495(13) A. 
The angle C(2) - Pt - P(l) (114 .1 (1) 0 ) is significantly 
larger than the C(l) - Pt-P(2) angle (104 . 6(1) 0 ) . This is 
almost certainly due to steric effects . Similar differences 
are observed (52) in the complex Pt(PPh 3 ) 2 (cycloheptyne) 
(117 . 0(1) 0 and 104 . 2(1) 0 ) and in Pt(PPh 3 ) 2 (cyclohexyne) 
(109.7(2) 0 and 103 . 6(2) 0 ). For both these complexes , the 
acetylene is symmetrical . Hence , the difference must be due 
to differing packing forces exerted on each half of the 
acetylene . 
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Atom coordinates and temperature facto r s fo r Pt( PPh3)2( epp) 
TABLE 2.4 
Important bond lengths and interbond angle s for 
Pt(PPh 3 ) 2 (p -No 2c6H4C=CC0 2Et) 
Pt-P ( 1) 
Pt-C ( 1) 
C(l)-C(2) 
C (4)-0 ( 1) 
C (5)-0 (2) 
C(2)-C(6) 
C(7)-C(8) 
C(9)-C(l0) 
C(ll)-C(6) 
N-0(3) 
P(l)-C(12) 
P(l)-C(24) 
P(2)-C(36) 
P (1)-Pt-P (2) 
P(l)-Pt-C(2) 
C ( 2) -C ( 1) -C ( 5) 
C(l)-C(5)-0(l) 
O(l)-C(5)-0(2) 
O(l)-C(4)-C(3) 
C(2)-C(6)-C(ll) 
C(6)-C(7)-C(8) 
C(8)-C(9)-C(l0) 
C (l0)-C (ll)-C(6) 
C(l0)-C(9)-N 
C(9)-N-0 (4) 
Pt-P(l)-C(l2) 
Pt-P (l)-C(24) 
Pt-P( 2 )-C(36) 
C(l2 )-P(l)-C(l8) 
C (l 8)-P(l)-C(24) 
C(30)-P(2)-C(42) 
{a) 0 Bond lengths (A) 
2 . 277(1) Pt- P (2) 
2 . 014(4) Pt-C(2) 
1.318(6) C(3)-C(4) 
1.468(9) 0 (1) -c (5) 
1.202(6) C(l) - C(5) 
1.438(6) C(6)-C(7) 
1.367(7) C(8) - C (9) 
1.347(8) C(lO)-C(ll) 
1. 375 (7) C(9) - N 
1. 229 (7) N-0(4) 
1.824(5) P(l)-C(l8) 
1.830(4) P(2)-C(30) 
1. 826(4) P(2)-C(42) 
( b ) Interbon d angles ( 0) 
103.41(4) C(l)-Pt-C (2) 
114.1(1) P(2)-Pt-C(l) 
141.7(4) C(l)-C(2)-C(6) 
111.2(4) C(l)-C(5)-0(2) 
123.8(5) C ( 5) - 0 ( 1) -C ( 4) 
107.3(7) C(2) - C(6)-C(7) 
119.8(4) C(7)-C(6)-C(ll) 
121.2(5) C(7) - C(8)-C(9) 
122.6(5) C(9) - C(l0) - C(ll) 
121.1(5) C(8)-C(9)-N 
119.1(5) C(9)-N-0(3) 
118. 7(5) 0(3)-N-0 (4) 
111.5(1) Pt-P (l)-C(l 8 ) 
116.2(1) Pt-P(2)-C(30 ) 
122.0(1) Pt-P(2)-C(4 2 ) 
106.3(2) C(12)-P(l)-C( 2 4) 
98 . 8(2) C(30)-P(2)-C(36) 
105.2(2) C(36)-P(2)-C(42) 
2 . 285(1) 
2.039(4) 
1. 450 ( 10) 
1.326(6) 
1.455(6) 
1.401(7) 
1.379(8) 
1.392(8) 
1. 472(7) 
1.214(7) 
1. 822 (5) 
1.828(4) 
1. 825 (4) 
37.9(2) 
104.6(1) 
140.2(4) 
124.9(4) 
116.2(5) 
122.1(4) 
118.1(4) 
118.3(5) 
118.7(5) 
118.3(5) 
117.7(5) 
123.7(6) 
117.5(1) 
110 . 2(1) 
113.0(1) 
104 . 8(2) 
102.6(2) 
102.2(2) 
2/ ... 
TABLE 2.4 (cont . ) 
(c ) Bond lengths and interbond angles in the pheny l rings of the triphenylphosphine ligands 
12-13 a 1. 380 (7) 13-14 1. 396 (9) 14-15 1.356(9) 15-16 1.351(9) 16-17 1 . 391(8) 17-12 1.388(7) 
18-19 1.367(7) 19-20 1.391(8) 20-21 1.366(9) 21-22 1.352(10) 22-23 1.391(9) 23-18 1. 396 (7) 
24-25 1.368(7) 25-26 1. 381 (8) 26-27 1.361(9) 27-28 1.366(9) 28-29 1.397(9) 29-24 1 . 374(7) 
30-31 1.390(6) 31-32 1.385(7) 32-33 1.368(8) 33-34 1.380(8) 34-35 1. 384 ( 7) 35-30 1. 397 (6) 
36-37 1.380(7) 37-38 1. 392 (8) 38-39 1.343(11) 39-40 1. 354 (10) 40-41 1.395(9) 41-36 1. 396 (7) 
42-43 1. 382 (7) 43-44 1.382(9) 44-45 1. 366 ( 10) 45-46 1.367(10) 4 6-47 1.381(8) 47-4 2 1.385(7) 
17-12-1-J> 117 . 7 (5) 12-13-14 120.6(5) 13-14-15 120 . 3(6) 14-15-16 120.4(6) 15-16-17 120 . 1(5) 16-17-12 120 . 9(5) 
23-18-19 118.9(4) 18-19-20 120.5(5) 19-20-21 120.4(6) 20-21-22 119.6(6) 21-22-23 121 . 2(6) 22-23-18 119. 3(5) 
29-24-25 117 . 9(4) 24-25-26 122.2(5) 25-26-27 119.5(5) 26-27-28 120 . 0(6) 27-28-29 120.0(5) 28-29-24 120.5 (5) 
35-30-31 118.3(4) 30-31-32 120 . 5(5) 31-32-33 120 . 5(5) 32-33-34 120.0(5) 33-34-35 1 20 .1(5) 34-35-30 120 . 5(4) 
41-36-37 119.1(4) 36-37-38 119.8(5) 37-38-39 121.3(6) 38-39-40 119.5(6) 39-40-41 121.8(7) 40-41-36 118.5(5) 
47-42-43 118.7(4) 42-43-44 120.4(5) 43-44-45 120 . 3(6) 44-45-46 120.0(6) 45-46-47 1 20 . 2(6) 46-47-42 120.4(5) 
a bond C(12)-C(l3) etv . 
b angle C(l7)-C(l2)-C(l3) etv . 
TABLE 2 . 5 
(a) Least- squares planes for Pt (PPh 3) (p -NO C H C=CCO Et) 2 2 6 4 2 
Plane Atoms defining plane Equation t 
1. Pt , p (1) , p ( 2 ) 0 . 0864X - 0 . 8629Y - 0 .49802 + 2 . 9 486 0 
2 . Pt, C (1), C(2) - 0 . 0021X - 0 . 7896Y - 0 . 61362 + 3 . 5342 0 
3. 0(3) , 0 (4), N 0 . 1446X - 0 . 5789Y - 0 . 80242 + 2 . 8183 0 
4. Phenylene ring C ( 6) - C(ll ) - 0 . 2414X - 0 . 4916Y - 0 . 83672 + 2 .3442 0 
5 . Phenyl ring C(l2) - C{17) - 0 . 3050X + 0 . 7 603Y - 0 . 57352 - 0.0066 0 
6 . Phenyl ring C(l8) - C(2 3) - 0 . 6597X - 0.2200Y - 0 . 71862 + 6.0016 0 
7. Phenyl r ing C(24)-C(29 ) 0 . 9002X + 0 . 0139Y - 0 . 43522 - 5 . 5646 0 
8 . Pheny l ring C (3 0) - C (35) 0 . 5449X + 0 .6 282Y - 0 . 55542 - 2 . 0028 0 
9 . Phe nyl ring C(36) - C(41) 0.1749X + 0 . 1008Y 0 . 97942 + 5 .3452 = 0 
10. Phenyl ring C(42 )-C(47) 0 . 8983X - 0 . 3991Y - 0 . 18372 - 4 . 3048 = 0 
11. 0 ( 1), 0 ( 2 ) / C(l) I C ( 5) 0 . 6462X - 0. 7629Y 0 . 01922 - 0 . 5251 0 
r The equations of t he planes LX + MY +NZ+ D 0 
r e f e r to o rthogona l coordinates , where : 
X = 1 2 . 7130x+ Oy - 0 . 2022z 
y = Ox + 14 . 9220y + Oz 
z = Ox+ Oy + 21.854lz 
2/ ... 
TABLE 2.5 (cont . ) 
(b) Distances (Al of atoms from l e a s t-squares planes 
Plane 1 Pt 0 Plane 2 Pt 0 
p ( 1) 0 C(l) 0 
P(2) 0 C(2) 0 
C(l) - 0 . 074(4) p (1) 0 . 097(1) 
C(2 ) 
- 0 . 258(4) p (2) 
- 0 . 371(1) 
Plane 3 0(3) 0 Plane 4 C(6) 0 . 000(4) 
0(4) 0 C (7) - 0 . 005(5) 
N 0 C(8) 0 . 008(5) 
C(9) - 0 . 019(5) C(9) - 0 . 004(5) 
C( 10) 0 . 000(6) 
C(ll) 0 . 003(6) 
C(2) - 0 . 053(4) 
0 . 016(5) 
Plane 5 C(12) -0 . 007(5) Plane 6 C (18) - 0 . 014(4) 
C(l3) 0 . 000(6) C(l9) 0 . 010(5) 
C(l4) 0 . 018(7) C(20) 0 . 002(6) 
C (15) -0 . 016(6) C(21) -0 . 005(6) 
C(l6) 0 . 002(6) C(22) -0 . 009(6) 
C (17) 0 . 008(5) C (23) 0 . 019(5) 
p (1) 
-0.201(1) p (1) -0 . 042(1) 
Plane 7 C(24) 0. 001(4) Plane 8 C (30) 0 . 006(4) 
C (25) -0 . 005(6) C (31) 0 . 000(5) 
C(26) 0.002(7) C( 32) -0 . 008(6) 
C(27) 0 . 006(7) C (33) 0 . 005(6) 
C(28) -0.011(8) C ( 34) 0 . 006(6) 
C(29) 0 . 005(6) C (35) - 0 . 010(5) 
p (1) -0 . 051(1) P(2) 0 . 080 ( 1) 
3/ ... 
TABLE 2 . 5 (cont . ) 
Plane 9 C( 36) 0 . 002(4) Plane 10 C(42) 0 . 002(4) 
C (37) - 0 . 002(6) C(43) 0 . 002(6) 
C(38) 0 . 003(7) C(44) 
-0 . 008(8) 
C(39) - 0 . 005(7) C (45) 0 . 006(8) 
C(40) 0 . 006(7) C(46) 0 . 003(7) 
C(41) -0 . 003(5) C(47) - 0 . 005(6) 
P(2) 0.132(1) P(2) 0 . 060 (1) 
Plane 11 0 (1) 0 . 003(4) 
0 ( 2 ) 0 . 004(4) 
C( 1) 0 . 003(4) 
C(5) -0 . 014(5) 
C(2) -0 . 623(4) 
C(3) 0.014(12) 
C(4) 0 . 030(9) 
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CHAPTER 3 
PREPARATION AND MOLECULAR STRUCTURE OF 
(ETHYL PHE YLPROPIOLATE)BIS(TRIPHENYLPHOSPHINE)PLATI UM(O) -
Pt(PPh 3) 2 (epp) 
3.1 Introduction 
The preparation of Pt (PPh 3 ) 2 (epp) (epp = ethyl 
phenylpropiolate - PhC =CC0 2Et) was carried out simultaneously 
with the preparation of the analogous ethyl p -nitrophenyl-
propiolate complex described in the previous chapter. It 
was anticipated that detailed comparison of the molecular 
structures of the two complexes would reveal any differences 
in metal-ligand bonding due exclusively to the differing 
electronegativities of the ligands. In particular, such 
differences as do occur must result from the presence or 
absence of the nitro group on the phenyl ring of the acetylene. 
It was also anticipated that a correlation between structure 
and IR spectra of the two complexes might be observed. 
3.2 Experimental 
3.2.1 Prepa r ation o f e th yi phenyZpr op i oia te 
Ethyl cinnamate was reacted with bromine in carbon 
tetrachloride (89] to give ethyl a , S-dibromocinnamate. This 
was reacted with ethanolic potassium hydroxide and the crude 
product was treated with acid to produce phenylpropiolic 
acid (90]. This was dissolved in ethanol and the solution 
was treated with hydrogen chloride gas (91]. The alcohol was 
evaporated from the solution and the crude oil was vacuum 
JI! 
distilled (115 °/2 mm Hg) to give a colourless oil. 
3 . 2.2 Preparation of (ethyl phenylp ropiolate)bis(triphenyl -
phosphine)platinum(O) (PtPPh 3J 2 (epp)) 
Tris(triphenylphosphine)platinum (0 . 20 g -
1 equivalent) (section 2 . 2 . 2) was stirred with ethyl 
phenylpropiolate (0 . 07 g - 2 equivalents) in ethanol (10 ml) 
und e r nitrogen for several hours. The resulting off-white 
precipitate was filtered , washed (ethanol) and dried under 
vacuum (yield= 0 . 16 g - 68 %) . 
Analysis , Calculated for PtP 2o2c47 H40 , C, 63 . 16 ; H, 4 . 48 ; 
Found , C , 63 . 00 ; H, 4.74. 
Crystals suitable for X-ray diffraction were grown 
from a benzene/methanol (1:3) mixture . 
3 . 2.3 IR and NMR spectra 
The IR spectrum of a film of ethyl phenylpropiolate 
showed a split peak centred at 2225 cm- l (C =C stretch) and 
-1 
a strong peak at 1710 cm (C=O stretch) . In the spectrum 
- 1 
of the complex , two peaks occurred at 1740 and 1665 cm , 
the former tentatively assigned to the coordinated triple 
bond of the acetylene, and the latte r to the stretch of the 
carbonyl group in the coordinated acetylene . Other strong 
peaks occurred at 1430 , 1380 , 1250 , 1180 , 1095, 750 (split) 
and 700 cm- 1 . 
The NMR spectrum of a deuteriochloroform solution of 
free ethyl phenylpropiolate showed three groups of peaks : 
a multiplet centred at 2 . 5 T (phenyl protons) , a quartet at 
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5.75 1 (methylene protons of the ethyl group) and a triplet 
at 8 . 65 1 (methyl protons of the ethyl group) . In the 
spectrum of the complex , these three groups shifted to 2.7 , 
6 . 27 and 9 . 10 1 respectively. 
3 . 3 Data acquisition 
3 . 3 . 1 Cell dimensions and space gr oup determination 
Pal e yellow rectangular crystals of approximate mnun 
symmetry were obtained from a benzene/methanol mixture . A 
crystal was chosen and mounted along its longest morphological 
axis . Oscillation , zero and first layer Weissenberg and 
precession photographs showed the crystal to be monoclinic 
(Laue group 2/m) with the unique axis (b) parallel to the 
fibre . The dime nsions of the crystal were approximately 
0 . 20 x 0 . 45 x 0.15 mm in the directions [l O OJ , [O 1 OJ 
and [O O 11 re s pec t i v e l y . 
Reflections of the form : 
h0 1 1 = 2n + 1 
OkO k = 2n + 1 
were absent and hence the space group was uniquely identified 
5 
as P2 1/c (C 2h ' no . 14 [80)) . 
The approximate cell dimensions obtained from 
0 
photographs are~= 9 . 63 , ~ = 18 . 37 , £ = 22 . ~8 A, S = 92 . 8° , 
v = 4025 A3 . The density , pm, determined by flotation in 
- 3 potassium iodide solution , was found to be 1. 49 (1) g cm . 
For a molecular weight of 893 and Z = 4 molecules per unit 
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cell, the calculated density is 1.505 g cm- 3 
Th e symmetry operations of the space group P2 1/c are: 
X 
-x 
y 
-y 
z X 
-z -x 
~-y ~+z 
~+y ~-z 
and hence, no crystallographic restrictions are necessarily 
imposed on the symmetry of the molecule. 
3.3.2 Di fra tometer data collection and data r eduction 
The method of alignment and data collection on the 
Picker FACS-I four-circle diffractometer have been described 
in the previous chapter. The refined cell dimensions are 
a= 9.562(2), e_ = 18.204(4), c = 22.665(5) A , ~ = 92.93(2) 0 , 
03 V = 3940.l A . The relevant information concerning the 
collection and reduction of the data is given in Table 3.1. 
Inspection of the intensities of the three standard 
reflections measured at regular intervals throughout the 
data collection revealed no significant drop in intensity. 
Hence a correction to the intensities to allow for time-
dependent crystal degradation was not necessary. The programs 
DATSET, SETUP3 and SORTIE (see Appendix 1) were used to 
produce a unique data set of structure factor amplitudes and 
standard deviations, the usual Lorentz -polarization 
correction having been applied to the intensities. The 
sorted data set contained 5897 reflections of the form 
+h+k±L 
TABLE 3.1 
Crystal data and details of data collection and r eduction 
Chemical formula 
Formula weight 
Space group 
Boundary faces of crystal 
(distance from origin (mm)) 
PtP202C47H39 
892 . 81 
P2 1/c 
1 0 0(0 . 09 ) 
0 1 0(0 . 22) 
0 0 1(0 . 08) 
-1 0 0(0 . 09) 
0 -1 0(0 . 22) 
0 0 1(0 . 08) 
Cell dimensions 0 a =9 . 562(2), b=l8 . 204(4) , c=22 . 665(5) A, 
$=92 . 93(2) 0 , -V=3940.l A3 
Radiation used for refinement 
of cell dimensions 
Measured density , p 
m 
Calculate d density , p 
C 
z 
Absorption coefficient , µ 
Radiation used for data 
collection 
Scan width , scan speed 
Scan mode 
Total background count time 
Standard r eflections 
Mean drop in intensi ty of 
standard reflections 
Fre que ncy of measurement of 
standard reflections 
0 . 10926 Al 
1.49(1) g -3 cm ( flotation) 
1. 505 g -3 cm 
4 molecules per unit cell 
38 . 67 -1 cm (MOK ) 
a: 
MOK- (A= 0 . 7107 A) 
a 
- grap hite monochromated 
(l.75+M 0 , 
8-28 scans 
20 sec 
0 10 
0% 
0 , 1 
-1 
2° min 
0 12, 
3 every 50 reflections 
6 
Data collected (28 scan limit) +h+k ±i (55°) 
Number of d ta with I/a(I) ~ 3.0 5898 
0 0 
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3 . 3 . 3 Structure solution and r e fineme nt 
The method of solution and refinement of the 
structure followed the same general outline as described in 
the previous chapter for the analogous complex Pt(PPh
3
)
2
(Nepp) , 
and is summarized in Table 3 . 2 . The Patterson map revealed 
the position of the platinum atom as (0.2655 , 0 . 4636 , 0 . 2689) . 
Structure factors , F , based on the contribution of the heavy C 
atom alone , were calculated . An isotropic temperature factor 
of 2 . 0 A2 was arbitrarily assigned to the platinum atom . The 
contribution from the anomalous scattering of the heavy atom 
was included in the calculation . The values off , ~f ' and 
0 
~f" were obtained from International Tables , Vol. III [84]. 
A Fourier map based on phases obtained from the values of F 
C 
and using the values of F for the structure amplitudes, 
0 
r e vealed the positions of all non-hydrogen atoms except the 
terminal carbon atom of the ester ethyl group . The location 
of the carbon atom was subsequently determined from a Fouri e r 
map phased by the c ont r ibutions from all 51 atoms previously 
located. Two cycles of block-diagonal refinement of all 52 
non-hydrogen a toms , using isotropic temperature factors for 
all atoms gave a value of R1 of 0 . 069 . At this point, the 
five non-carbon atoms were assigned anisotropic temperature 
factors . Two further cycles of refinement gave an R1 of 
0 . 048 . Introduction of anisotropic temperature factors for 
the 47 carbon atoms followed by three additional refinement 
cycles reduced R1 to 0.041 . 
is 
The absorption coefficient of the complex for MoKa 
-1 38 . 67 cm . An absorption correction was applied t o each 
refl ction , using the method of nume rical integration , with a 
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grid of 4x6x8 points . The transmission factors ranged from 
0.469 to 0 . 579 . At the time that the structure analysis was 
carried out , the program TOMPA (section 2 . 4 . 3) was not 
available. In view of the footnote of section 2 . 4.3, it was 
not considered worthwhile to repeat the absorption correction , 
using th e Tampa method. 
The coordinates of all 35 phenyl hydrogen atoms and 
of the two methylene hydrogen atoms were calculated, 
assuming, as appropriate , regular trigonal or tetrahedral 
geometry and C-H distances of 0 . 95 A. A difference map based 
on the 52 non-hydrogen atoms r e vealed a positive peak at all 
the 37 positions calculated for the hydrogen atoms and so 
the contributions from these atoms were included in subsequen t 
structure factor calculations (with BH = l . 1BC , whe re BC is 
the eq u i val e nt temperature factor of the bonded carbon atom). 
The hydrog e n atom parameters were not subsequently refined. 
The methyl hydrogen atoms could not be located and their 
contributions were at no stage included in the refinement 
cycles . At this point , only those data for which ~F/o ~ 4 . 0 
were included in the refin ment (~F = JF - kJF J J l , which 
0 C 
converged ofter fo ur cycles to gi ve a final R1 of 0 . 037 and 
R2 of 0 . 041 (based on the observed data) . The number of 
reflections rejected in these latter refinement cycles was 
29 . A table of the final obse rved and calculated structure 
factors (x 10) is given in App endix 2 and the final atomic 
coordinates and temperature fac tors a r e given in Table 3 . 3 . 
Figur 3 . 1 is an ORTEP drawin g of the molecule , showing the 
atomic numbering scheme . Bond lengths and angles are given 
in Table 3 . 4 and a l ist of various least-squares planes is 
TABLE 3. 2 
Summary of structure solution and refinement for 
Structure solution method 
Least- squares refinement method 
Atomic scattering factors 
f:::.f ' , f:::.f" included for 
Weighting for refinement 
Absorption correction method 
Number of grid points 
Range of transmission factors 
Preset length of C-H bonds 
Data for final refinement cycles 
Final model 
Largest parameter shift 
in final cycle 
Summary of R1 values: 
At end of isotropic refinement 
All non-H atoms anisotropic 
After absorption correction 
Final 
Final R2 
Ratio of observations:variables 
Final difference map , larges t peaks 
- close to Pt atom 
- away fran Pt atom 
Patterson heavy atom 
block- diagonal 
Pt , P,O , C: International 
Tables, Vol III [84); 
H: Stewart et al. [87] 
Pt , P 
numerical integration 
4 X 6 X 8 
0 . 469-0 . 579 
0 
0 . 95 A 
f:::.F/0 2 < 6 . 0 
All non-H atoms anisotropic , refined; 
phenyl-Hand methylene-H atoms 
isotropic , not refined; 
methyl-H atoms not included 
0 . 09 esd 
0 . 064 
0 . 041 
0 . 038 
0 . 037 
0 . 041 
5868:469 
o-3 
2.6 e ~- 3 0 . 9 e A 
12 .4:l 
Figure 3.1 
General view of Pt (P Ph 3 ) 2 (epp) , showing the overall 
stereochemistry and the a tom numbering scheme 
43 
give n in Table 3.5 . 
3 . 4 Results 
The geometry of the complex is largely similar to that 
of the complex Pt(PPh 3 ) 2 (Nepp) described in section 2.5. The 
0 Pt-P(l) and Pt-P(2) bond lengths are 2.269(2) and 2 . 289(2) A 
and the Pt-C(l) and Pt-C(2) bond lengths are 2 . 018(6) A and 
2 . 048(6) A, the longer Pt-C bond being approximately t r ans to 
the longe r Pt-P bond . The angl e C(l) - Pt- C(2) is 36 . 9(2) 0 and 
0 0 
the C(l)-C(2) distance is 1 . 288(8) A {c f . 1 . 318(6) A for the 
Nepp complex) . The substituent groups of the coordinated 
acetyle ne ar e bent back by 39 . 7(6) 0 {ester group) and 39 . 2(6) 0 
(phenyl g r ou!?) . 
The angle between the normals to the planes P{l) - Pt - P{2) 
and C(l)-Pt-C{2) is 5 . 1° , while the angle between the normals 
to the C{l)-Pt-C (2 ) plane and the benzene ring of the 
acetylene is 6 . 5° . The P-C{phenyl) bond lengths range from 
0 
1.818(6) to 1 . 834(6) A. The C-C bond lengths in the six 
phenyl rings of the phosphines range from 1.338(8) to 
0 
1. 405 (10) A. 
The lengths of the C{l)-C{5) bond (1 . 449(9) A) and 
the C(2)-C(6) bond (1 . 465(8) A) are not significantly 
different from the equivalent bonds in the complex 
Pt(PPh 3 ) 2 {Ne pp) (1 . 455(6) and 1 . 438(6) A respectively) . 
Similarly , the bonds C(5)-0(2) (1.190(10) A) . and C(5) - 0(l) 
0 (1 . 312(8) A) are the same within experimental error as those 
0 
found in the Nepp complex (1 . 202(6) and 1.326(6) A) . 
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Atom coordinates and tempe rature fac tors for P t(PPh 3) 2 (epp) 
TABLE 3 . 4 
Important bond lengths and inte rbond angles for 
Pt(PPh 3) 2 (PhC=CC0 2Et) 
(a) Bond lengths (A) 
Pt-P(l) 2.289(2) 2.269(2) Pt-P (2) 
Pt-C(l) 2 . 048(6) 2 . 018(6) Pt-C(2) 
C(l)-C(2) 1.483(17) 1.288(8) C(3)-C(4) 
C ( 4 ) -0 (1 ) 1. 312 ( 8) l. 469 ( 11) O(l)-C(5) 
C(5)- 0(2) 1.449(9) 1.190(10) C (l)-C(5) 
C(2) - C(6) 1.388(9) 1.465(8) C(6)-C(7) 
C(7)-C(8) 1.351(11) l. 387 (10) C(8)-C(9) 
C(9)-C(l0) 1.410(10) l. 379 (12) C(lO)-C(ll) 
C(ll)-C(6) 1.824(6) l. 376 (9) P(l)-C(l2) 
P(l)-C(l8) 1.830(6) 1.818(6) P(l)-C(24) 
P(2)-C(30) 1 . 828(6) 1.826(6) P(2)-C(36) 
P(2)-C(42) 1.834(6) 
(b) Interbond angles ( 0) 
P(l)-Pt-P(2) 109.81(6) C (1) -Pt-C (2) 36 . 9(2) 
P(l)-Pt-C(2) 109.5(2) P(2)-Pt-C(l) 103 . 8(2) 
C(2)-C(l)-C(5) 140 . 3(6) C(l)-C(2)-C(6) 140 . 8(6) 
C(l)-C (5)-0(1) 113 . 3(6) C(l)-C(5)-0(2) 125 . 8(6) 
O(l)-C(5)-0(2) 120.8(6) C(5)-0(l)-C(4) 118 . 3(6) 
O(l)-C(4)-C(3) 109 . 2(9) C(2)-C(6)-C(7) 120.1(5) 
C(2)-C(6)-C(ll) 120.7(6) C(7)-C(6)-C(ll) 119 . 1(6) 
C(6)-C(7)-C(8) 120 . 8(6) C(7)-C(8)-C(9) 119.9(7) 
C(8)-C(9)-C(l0) 121. 0 (7) C(9)-C(l0)-C(ll) 119.3(7) 
C(l0)-C(ll)-C(6) 119. 8(6) 
Pt-P(l)-C(12) 124 . 9(2) Pt-P(l)-C(l8) 111. 7 (2) 
Pt-P(l)-C(24) 111. 0 (2) Pt-P(2)-C(30) 122.4(2) 
Pt-P(2)-C(36) 111.4(2) Pt-P(2)-C(42) 113.6(2) 
C(l2)-P(l)-C(l8) 102 . 2(3) C(l2)-P(l)-C(24) 99.5(3) 
C(l8)-P(l)-C(24) 105.4 (3) C(30)-P(2)-C(36) 101.9(3) 
C(30)-P(2)-C(42) 100.1(3) C(36)-P(2)-C(42) 105 . 4(3) 
2/ . .. 
TABLE 3 . 4 (cont . ) 
{c) Bond lengths (A) and interbond angles ( 0 ) in the phenyl rings of the triphenylphosphine ligands 
12-13a 1.385(9) 13-14 1.393(10) 14-15 1. 372 (12) 15-16 1 .363(11) 16-17 1.387(9) 17-12 1. 388 (8 ) 
18-19 1. 358 ( 11) 19- 20 1.401(12) 20-21 1.34 2(13) 21-22 1.345(13) 22 - 23 1. 388 (11) 23-1 8 1. 382 ( 10 ) 
24- 25 1.365(9) 25-26 1. 4 05 (10) 26-27 1. 371 ( 10) 27- 28 1.371(11 ) 28-29 1. 386 ( 10) 29- 24 1.398( 8) 
30- 31 1. 396 (9) 31-32 1. 385 ( 10) 32-33 1. 369 ( 11) 33-34 1. 383 (11) 34-35 1. 384 (9) 35-30 1.400(9 ) 
36- 37 1. 397 (10) 37-38 1. 384 (12) 38-39 1.371(13 ) 39-40 1.379(14) 4 0-41 1.393 (11 ) 41-36 1. 374 (9) 
42- 43 1.381(9) 43- 44 1.403( 10) 44-45 1.357(12) 45-46 1.348(10) 46-47 1.395(9) 47-42 1. 375 (9) 
17- 12-13b 117 . 8(6) 12-13-14 121.0(6) 13-14-1 5 119 . 8(7) 14-15-16 120 .1(7 ) 15-16-17 120 . 3(7) 16-17-12 121.0(6) 
23-18-19 117 . 9(6) 18-19-20 120.8(8) 19-20-21 12 0 . 8(9) 20-21-2 2 11 8 . 6 (8) 21-22- 23 1 21.9(8) 22 - 23-18 119.8(7 ) 
29- 24-25 119 . 2(5) 24 - 25- 26 120.4(6) 25-26- 27 119 . 6(7) 26- 27-28 12 0 . 6(7) 27-28-29 119 . 8(6) 28-29-24 1 20 . 3(E) 
35-30-31 119 .4 (5) 30 -31-32 119 . 1(6) 31-32-33 121.1 (7) 32- 33- 34 120.5(7) 33- 34-35 119 . 4(7) 34-35-30 120 .4 (6) 
41-36-37 117 . 1(6) 36- 37- 38 121.5(7) 37-38-39 119.6(8) 38-39-40 120.6(8) 39-40 -41 118 . 7 (8) 40-41- 36 12 2 . 4 (7 ) 
47 - 42- 43 118 . 2 (6) 42-43-44 119 .9(7) 43-44-45 120.7(7) 44-4 5-46 119 . 7 (6) 4 5-4 6-4 7 120 . 7(7 ) 46- 47-42 120 .7 (6 ) 
a bond C(l2) - C(l3) etc . 
b angle C(17)-C(l2) - C(l3) etc . 
TABLE 3 . 5 
(a) Least- squares planes for Pt(PPh ) (PhC=CCO Et) 
3 2 2 
Plane Atoms defining plane Equation t 
1. Pt I p (1) I P(2) 
- 0 . 8294X - 0.5083Y - 0 . 2319Z + 7.5498 0 
2 . Pt, C (1) , C (2) 
- 0 . 8226X - 0 . 4742Y - 0 . 3140Z + 7.7457 0 
3. Phenyl ring C(6)-C(ll) 0 . 7967X 
- 0 . 4367Y - 0 . 4177Z + 8 . 2292 0 
4. Phenyl ring C(l2) - C(l7) 
- 0 . 0060X - 0 . 3855Y - 0 . 9227Z + 7 . 1708 0 
5 . Phenyl ring C(18)-C(23) 0 .1199X + 0.8886Y - 0.4427Z 
- 6 . 0278 0 
6. Phenyl ring C(24)-C(29) 0 . 8080X 0 . 5555Y 0 . 1963Z + 3 . 8339 0 
7 . Phenyl ring C(30)-C(35) 0 . 0200X 0 . 414 8Y 0.9097Z +10 . 6806 0 
8. Phenyl ring C(36) - C(41) 0 . 4680X + 0 . 8442Y - 0.26122 5 .9781 0 
9 . Phenyl ring C(42) - C(47) 0 . 5241X + 0 . 6112Y - 0 . 5931Z - 2 . 2404 = 0 
10 . O(l) I 0(2) I C(l) , C (5) 0 . 7680X + 0 . 6374Y 0.06292 6 . 3526 0 
t The equations of t he planes L~ +MY+ NZ+ D = 0 
refer to orthogonal coordinates , where: 
X = 9 . 5620x + Oy_ - 1.15592 
y = Ox+ 18.204.l'._ + Oz 
z = Ox+ 0.l'._ + 22.63552 
2/ ... 
TABLE 3.5 ( cont . ) 
(b) Distances <Al of atoms from least-squares planes 
Plane 1 Pt 0 Plane 2 Pt 0 
P(l) 0 C (1) 0 
P(2) 0 C(2) 0 
C(l) 0 . 057(6) p (1) 0.203(2) 
C(2) 0 .1 51(6) P(2) 
- 0 . 053(2) 
Plane 3 C (6 ) 
- 0 . 003(6) Plane 4 C(l2) 0 . 008(5) 
C (7) 0 . 005(7) C (13) 
- 0 . 003(7) 
C(8) 
- 0 . 006(8) C (14) 
-0.007(7) 
C(9) 0.004(8) C (15) 0 . 005(7) 
C(lO) 
-0.003(8) C(l6) 0 . 006(7) 
C(ll) 0 . 003(7) C (17) 
- 0 . 011(6) 
C (2) 0 . 053(6) p (1) 0 . 038(2) 
Plane 5 C(18) 0 . 011(7) Plane 6 C (24) 0 . 009(6) 
C(l9) -0 . 005(10) C (25) 
- 0.001(7) 
C(20) 
- 0 . 025(12) C(26) - 0 . 008(8) 
C (21) 0.028(11) C(27) 0 . 002(8) 
C(22) -0.009(11) C(28) 0 . 012(8) 
C (23) - 0 . 012(9) C(29) -0.017(7) 
p (1) 0 . 054(2) p ( 1) 
- 0 . 038(2) 
Plane 7 C ( 30) - 0 . 004(5) Plane 8 C(36) 0 . 011(6) 
C ( 31) -0.006(6) C (37) - 0 . 007(8) 
C(32) 0 . 013(7) C(38) -0.011(10) 
C (33) -0.004(7) C(39) 0.014(9) 
C (34) -0.009(6) C(40) 0 . 003(8) 
C (35) 0.011(6) C (41) -0.015(7) 
P(2) -0.015(1) P(2) 0 . 065(2) 
Plane 9 C (42) -0 . 001(6) Plane 10 0(1) -0.003(6) 
C(43) 0.003(7) 0(2) -0 . 006(7) 
C (44) -0.005(8) C(l) -0.003(6) 
C(45) 0 . 005(7) C(5) 0 . 014(7) 
C(46) -0.004(7) C(2) - 0 .383(6) 
C (4 7) 0 . 002(6) C(3) -1.560(15) 
P(2) 0 . 056(2 ) C(4) -0 . 141(10) 
CHAPTER 4 
CRYSTAL AND MOLECULAR STRUCTURE OF ETHYL 
p -NITROPHENYLPROPIOLATE (Nepp - p- o
2
c
6
H
4
C=CC0
2
Et) 
4. 1 Introduction 
It is f r equently not possible to observe directly 
those changes which a polyatomic ligand undergoes on coordina -
tion to a transition metal ion. For the most part , the free 
ligand dimensions must be inferred from known bond lengths 
and angles in related molecules . Apparent differences 
between the dimensions of the coordinated ligand and the 
(inferred) dimensions of the free ligand are then attributed 
t o the formation of the metal - ligand bonds . The degree of 
certainty with which the changes can be so attributed is 
clearly markedly improved if accurate dimensions are actually 
observed for both ligand and complex . Clearly , also , the 
process will benefit if both sets of dimensions are determined 
u sing the same physical method . The present study allows 
just such a comparison . 
At present , there are comparatively few accurate 
X-ray structural data for acetylenes (particularly 
unsymmetrical acetylenes) in the literature . In recent years, 
the X-ray structures of five acetylenes have been reported , 
[92), acetylenedi-
carboxylic acid (93) (and its monopotassium [94) and 
monorubidium (95) salts) , dib nzoylacetyl ene (96], the a nd 
8 forms of tetrolic acid ( 2-butynoic acid) [ 97 J and 
diphenylacetylene [98) . Earlier and les s accurate structures 
of dimethylacetylene (99) and diphenylacetylene [100] have 
also been r eporte d . Electron diffraction studies of some 
acetyle nes have also bee n carried out and references to 
th ese may be found in "Tables of Interatomic Distances" 
[101 J . 
45 
In this chapter , the crystal and molecular structure 
of ethyl p -n itrophenylpropiolate (Nepp) is described . 
The synthesis of the compound is given in section 
2. 2 .1. 
4 . 2 Da t a acquisition 
4.2 . 1 Initial cell dimensions and space group determination 
Plat e li ke rhomboid crystals of ethyl p -nitrophenyl-
propiola t e , suitable for X-ray diffraction work, were grown 
by slow evaporation of an ethanol solution . A crystal of 
dimensions 0 . 21 x 0. 5 0 x 0.03 mm in the directions [l O OJ , 
[O 1 OJ and [O O lJ respectively was mounted on a quartz 
fibre using she llac as adhesive . Oscillation, Weissenberg 
and prece ssion photographs indicated that the crystal was 
triclinic (Laue group 1). The observed reflections could be 
conveniently indexed on the basis of a C-centred cell 
(reflection absences hk t : h + k = 2n + 1) with~ as the 
rotation axis . In this convention possible space groups are 
1 Cl and Cl, which are non-standard settings of Pl (C1 , no . 1) 
[102J and Pl (c\ no . 2) [103J respe ctively . . 
l. 
Approximate cell dimensions , obtained from a 
combination of oscillation , Weissenberg and precession 
4G 
photographs are: 0 ~ = 14.52 , ~ = 7.44, C = 10 . 92 A, a = 92 . 3°, 
B = 113 . 8 ° , y = 88 . 60 ° . Using the expression 
V = abc(l - cos 2a - cos 2 s - cos 2y + 2cos a cos s cos y )~ 
the volume of the ~-centred) cell was calculated to be 
1078 A3 . The density of the compound , measured by flotation 
in potassium iodide solution is 1 . 33(1) g cm- 3 . Assuming a 
molecular formula of c11 H90 4N , the molecu lar weight is 219 . 20. 
For Z = 4, p calculates to be 1 . 350 g cm- 3 
C 
The symmetry-related position s in the unit cell for 
space group Cl are : 
X 
~+x 
y 
~+y 
whil e those for Cl are : 
X y 
z 
z 
z 
-x 
~-x 
~+x 
-y 
~- y 
~+y 
-z 
- z 
z . 
He nce, for Z = 4, no crystallographic restrictions 
are ne cessarily placed on the molecule for either space group. 
For Cl, there would be 1 molecule per asymmetric unit whereas 
for Cl , there would be 2 molecules per asymmetric unit. This , 
plus the fact that only a very small percentage of compounds 
that crystallize in the triclinic system are actually in a 
non-centrosymme tric space group (e . g . Pl or Cl) makes it 
statistically improbable that the space group is in fact Cl . 
4.2 . 2 Di f ~aatometer data oZZection 
Th crysta l was transferred to a Picker FACS-I four-
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circle computer-controlled diffractometer. Graphite-mono-
0 
chromated CuK_ radiation (A = 1 . 5418 A) was used throughout ex 
th e data collection . The method of crystal alignment and 
refinement of cell dimensions was the same as that described 
in section 2 . 3.2. CuK radiation (1.54051 A) was used for 
ex l 
the alignment . The cell dimensions obtained at the end of 
the refinement procedure are: a= 14.4638(16), b = 7 .4 426(9) , 
0 
c = 10.9360(9) A , ex = 92.51(1) 0 , B = 114 . 09(1) 0 , 
y = 88 . 60(1) 0 • A scan range of 1 . 80 ° was found to be most 
suitable for data collection . The three standards used to 
monitor data collection were 8 0 -6, 7 3 0 and 1 3 5 . 
Because the crystal was aligned for a C-centred cell, the 
control program was arranged such that reflections of the 
form hk i : h+k = 2n + 1 were not measured . 
Details of the data collection are the same as those 
described in section 2 . 3 . 2 . Reflections of the form ±h+k ±i 
in the range 3 ° < 2 8 < 125 ° were measured , giving a total of 
2002 reflections. A take-off angle of 3° was used during 
the data collection . 
4.2.3 Data Pedu tion 
Since there was only a small drop in the intensities 
of the three standard reflections during data collection 
(~ 2%), no correction for crystal degradation was applied. 
The reduction of the data to a unique data set followed the 
lines of that described in section 2 . 3 . 3 . Reflections with 
I/a (I) < 3 . 0 were omitted from the sorted data set, giving a 
total of 1561 structure amplitudes for use in the structure 
solution . A summary of the data collection and reduction is 
given in Table 4.1. 
4.2.4 Re lati on between the C- centred cell and th e r educe d 
cell 
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Corresponding to the C-centred cell whose dimensions 
are given in section 4.2.2, the conventional reduced primitive 
0 
cell has dimensions a' = 7.443, ~· = 8.052, ~· = 10.906 A, 
a = 95.20 ° , 8 = 108.27°, y = 116.12 ° . The matrix A to 
transform~,~, c to a',~·, c' is given by: 
0 
A 
l 0 
0 
-1 
Matrix~ is also the matrix to carry out the 
corresponding transformations of the indices (h, k, i ) of 
each reflection. The matrix B to transform the reciprocal 
cell axes and the fractional atomic coordinates is related 
to A by: 
1 1 -1 
B = = 2 0 -1 
0 0 -1 
A short program was written to carry out the 
transformation of the reflection indices and the data was 
resorted. For the remainder of the structure solution and 
refinement, the transformed indices and the reduced cell 
dimensions (given above ) were used. 
TABLE 4.1 
Crystal data and details of data collection and reduction 
for ethyl p -nitrophenylp r opiolate 
Chemical formula 
Formula weight 
Space group 
Boundary faces of crystal (Pl) 
(distance fran origin (mm)) 
Cell dimensions (Pl ) 
Radiation used for refinement 
o f cell dimensions 
Measured density , p 
m 
Calculated density, p 
C 
z 
Absorption coefficient,µ 
Radiation used for 
data collection 
Scan width , scan speed 
Scan mode 
Total background counting time 
Standard reflections 
Frequency of measurement 
of standard reflections 
Mean drop in intensity of 
standard reflections 
Pl (data collected as Cl) 
0 0 -1(0. 02) 
0 1 -1(0 . 10) 
0 0 1(0 . 02) 
0 -1 0(0 . 11) 
1 0 - 1 (0 . 22) 
-1 0 1 (0 . 25) 2 - 1 -1 (0. 25) 
0 
a=7 . 443(1) , b=8 . 052(1) , c=l0 . 906(1) A, 
a=:95 . 20(1) 0 , - 8=108 . 27(1) 0 , Y=ll6.12(1) 0 , 
V=536 . 86 $. 3 
CuKa (A= 1 . 54051 A) 
1 
1.33(1) g -3 cm 
1. 356 g -3 cm 
2 molecules pe r unit ce ll (Pl) 
9 . 00 -1 cm (CuKa) 
cuKa (X = 1 . 5418 Al 
- graphi t e monochromated 
(1.80 + 6) 0 , 2° min-l 
8-28 scans 
20 sec 
8 0 -6 , 7 3 
3 every 50 reflections 
0, 
2% during data collection 
(no correction applied) 
1 3 5 
Data collected (28 scan limit) ±h+k±i (125°) 
Number of data with I/0(1) ~ 3 . 0 1561 
4 . 3 Solution of the structure 
4 . 3 . 1 Att emp t e d solution from dir e ct methods 
Because the cell contains only light atoms, it was 
decided to try to solve the structure using direct methods. 
The program EPROG was used to calculate a Wilson plot and 
hence , normalized structure amplitudes (Ehk i ). The general 
form for the absolute magnitude of Ehk i is given by [104): 
where: c = 2 for axial reflections and 1 otherwise , 
f. = atomic scattering factor for the i th atom, i. 
B = overall temperature factor . 
The average values of E and E(E - 1) can be used as tests 
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for centrosymmetry. The theoretical values of these functions 
for the centrosymmetric and non - centrosymmetric cases, 
together with calculated values for the present data, are 
summarized below : 
centrosymmetric 
non-centrosymmetric 
calculated 
E 
.79 8 
.886 
. 782 
E (E - 1) 
.968 
.7 36 
1.036 . 
These values strongly suggest that the structure is 
centrosymmetric, and hence that the space group is Pl . For 
the initial attempts at phasing the values of E, it was 
assumed that the structure is centrosymmetric. Only those 
reflections with a value of E greater than 1:4 were used for 
the phasing. This gave a usable set of 199 normalized 
structure amplitudes . 
so 
The program MULTAN was us e d to carry out the phasing 
of the s e r e fl e ctions . The program ini tially looks for all 
relationships between the input E ' s of the form : 
where ~ (Ehk i ) is the phase angle of reflection hk i 
and :: indicates "probably equals" . 
Th e probability of a relationship being correct is 
closely related to tanh(Ehk i . Eh ' k ' i '. Eh- h ' k - k ' 1_1 ,). These 
relationships are termed E2 relationships. The program then 
looks for E1 relationships which are those of the form: 
s [E2h 2k 2 i l :: s [ I Ehk i I 2 - l J , 
where s[Ehk i l is the sign of Ehk t · 
By use of an algorithm, which finds those E's involved 
in the greatest number of E2 relationships and also those E 's 
which have a large probability of having their phases deter-
mined correctly by the later part of the program, three 
reflections are chosen as origin-fixing reflections. Then 
other reflections (usually three) whose phase angles are 
independent of the origin-fixing reflections and of each 
other, yet are involved in a large number of phase relation-
ships, are chosen as other reflections in the "starting set". 
For the centric case , where all phases are O or n , each of 
these reflections is systematically assigned a phase of O or 
n . For three s uch reflections, this gives rise to 2 3 = 8 
starting sets . Then, for each starting set, the program 
assigns a phase to every other reflection, using the weighted 
tangent formula of Germain , Main and Woolfson [105) . This 
formula is an algorithm which allows phase refinement for 
all reflections in the set . For each of the sets 
calculated , three figures of merit are calculated and the 
set with the most satisfactory figures of merit is chosen . 
Normally this set has a sufficient number of correct phases 
to allow a Fourier map based on this set to reveal most or 
all of the structure . 
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The program MULTAN was run and a Fourier map was 
calculated using the reflections and phases from the set 
with the "best" figures of merit. The map appeared to 
reveal about half of the molecule (vi z. the p - nitrophenyl 
group with the two acetylenic carbon atoms) . However , one 
of these two atoms was close to a centre of symmetry (1.14 /..) 
and hence would give the rather improbable non - bonding 
intermolecular contact of only 2.28 A. Moreover , two cycles 
of block-diagonal refinement of the eleven atoms found only 
reduced R1 to 0. 6 5. Since the value of R1 for a random set 
of structure amplitudes in a centrosymmetric structure is 
only 0 . 83 , it seemed probable that the structure was incorrect. 
A second starting set was used to generate another Fourier map 
but this was almost identical to the first map . As direct 
methods sometimes show the molecule correctly oriented but 
incorrectly placed in the unit cell , it was felt that this 
was probably occurring for the present structure . If the 
conformation of the part of the molecule found was indeed 
correct then only a translation would be required to bring 
the molecule to the correct position . Since the molecule 
was expected to be largely planar , it was anticipated that a 
Patterson map would probably supply this information . 
4. 3 . 2 S o lution o f th e s t Pu tu Pe fPo m a s ha Ppe n ed Pa tt e Pson 
map 
A common way of " sharpening" a Patterson map is to 
correct the structure amplitudes to approximate those 
r esulting from point atoms at rest [106] . The method 
essentially amounts to calculating a Patterson map using 
normalized structure amplitudes (E ' s) . A Patterson map was 
calculated using E ' s as coefficients . Also , a theoretical 
map was calculated for an idealized planar molecule to 
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help in identifying the peaks of the sharpened map . To 
generate the theoretical map , a planar molecule was drawn 
where all bonds were the same length. Then, vectors from all 
atoms to all other atoms were mapped out , taking into account 
the degree of overlap of vectors , as well as the position of 
each peak . This map was compared with the sharpened map and 
a good fit was f ound b e tween t he two maps . The coo rdinates 
of the atoms found from the original Fourier map were 
modified to allow for the difference in origin between the 
direct methods and Patterson solutions . However , on carrying 
out least-squares refinement on the newly calculated 
coordinates of the eleven atoms , an R-factor of 0 . 60 was 
obtaine d , indicating that the structure was still incorrect . 
Since the calculated and theoretical maps were " fitted " to 
each othe r primarily by fitting the benzene ring and the 
t wo p -substituted atoms , it was evident that a good fit could 
also b e obtained by inverting all atom coordinates through 
the centre of gravity of the benzene ring . This was carried 
out but produced no improvement in R-factor . 
S J 
On closer inspection of the two maps , it was realized 
that , even though the fit obtained b e tween the two maps 
seemed to be the most satisfactory , other quite good fits 
could be obtained . Moreover, the coordinates of the eleven 
atoms (making up the p -No 2c 6tt 4c 2- moiety of the acetylene) 
obtained from the original Fourier map produced a fairly 
irregular model. Hence, an idealized regular model was 
calculated . This was achieved by first translating the 
orthogonal coordinates of the eleven atoms to make the centre 
of the six-membered ring (i . e . the centre of gravity of the 
six points) coincident with the origin. The system of axes 
to which these coordinates now referred were labelled the 
XYZ system. To simplify the calculation of a regular model , 
a second orthogonal set of axes , the X' Y'Z' system, was 
defined such that the two sets of axes had a common origin, 
0 . The X ' axis was defined as the vector from Oto C(9) 
(the carbon atom of the benzene ring adjacent to the nitrogen 
atom of the nitro gro up) . Y ' was defined as the vector from 
0 to the midpoint of atoms C{8) and C(7) where C(8) is a 
carbon atom adjacent to C(9) and C(7) is adjacent to C(8) . 
Then Z ' was defined as the cross-product of X' and Y'. The 
coordinates of the regular model were then easily calculated 
by assuming the bond lengths shown in the diagram below : 
c7 
1. 40 C 
1;.J/
0
3 l . 4y 8
~ 40 1. 25 1. 47 N 
c2 cl 1. 40 C . 0 Cg Y ' 
- ~ 
1.!~ 1. 40 C ~40 1. 22 O 
ell 10 4 
Figure 4 . 1 
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The interbond angles around all atoms except C{l) 
were set at 120°, and C(6)-C(l)-C(2) was made linear. Once 
these coordinates (in the X' Y'Z' system) were obtained, they 
were converted to coordinates in the XYZ system by multiplying 
the coordinates of the X'Y'Z' system by the (3x3) matrix 
whose columns are the direction cosines of X', Y' and Z ' 
respectively in the XYZ system . These coordinates were then 
translated so as to make the centre of the regular benzene 
ring coincide with that of the ring obtained from the original 
Fourier map. Positioning the coordinates in this way provided 
a convenient reference point. 
At this point, it was felt that a reasonable fit 
between the calculated sharpened Patterson map and the 
theoretical map could be obtained by a translation of the 
(11 atom) model to each of seven different positions. Also, 
for each of these seven positions, a reasonable model could 
be obtained by inverting the model through the centre of the 
benzene ring, giving rise to fourteen models in all . 
Structure factors were calculated for each of the fourteen models, 
and the resultant R-factors compared . For thirteen of the models, 
the R-factors ranged from 0.536 to 0 . 571. For the fourteenth 
model, the R-factor was O. 4 76 . A difference map was calculated on 
the basis of this model and the map clearly showed up the remaining 
five atoms of the molecule. Furthermore, there were no unreason-
ably short intermolecular contacts . A structure factor 
calculation based on all sixteen atoms gave a value of R1 of O. 303. 
4.3.3 Re fin e me nt o f th e structur e and absorption correction 
Four cycles of block-diagona l refinement (using 
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isotropic temperature factors for all atoms) gave a value of 
R1 of 0.198 (R 2 = 0.298). At this po i nt, the four oxygen 
atoms were assigned anisotropic temperature factors. After 
two refinement cycles, R1 was 0.152 and R2 was 0.217. On 
continuing refinement, using an anisotropic temperature 
factor for each of the sixteen atoms, R1 dropped to 0.103 
after three more cycles. The positions of the four phenylene 
hydrogen atoms of the benzene ring and of the two methylene 
hydrogen atoms were calculated (using trigonal or tetrahedral 
geometry as appropriate and a C-H distance of 0.95 A) using 
the program HYDGEN. A difference map was calculated on the 
basis of the model containing sixteen non-hydrogen atoms 
(with anisotropic temperature factors) and six hydrogen 
atoms (with isotropic temperature factors, assuming 
BH = l.1BC). The program CONTACT was also run to calculate 
theoretical positions of methyl hydrogen atoms at intervals 
of 10 ° around a circle perpendicular to the C(3)-C(4) axis 
(where C(3) is the methyl carbon atom and C(4) is the 
methylene carbon atom of the ester group) , maintaining a 
tetrahedral angle (109.5°) for C(4)-C(3)-H and a C(3)-H bond 
length of 0.95 ~ - Three of these 36 calculated positions 
coincided with positive peaks of the difference map. Three 
cycles of refinement including but not refining contributions 
from all nine hydrogen atoms (with assigned temperature 
o2 factors of 12.0 A for the methyl hydrogen atoms) gave an R1 
of 0.075. 
Even though the absorption coefficient for the crystal 
is -1 . only 9.00 cm it was decided to apply an absorption 
correction to the data (using the program TOMPA) . The 
transmission factors ranged from 0.88 to 0.99 with an 
average of 0.97. 
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Refinement of the structure was continued, refining 
all atoms including hydrogen•atoms. Anisotropic temperature 
factors were used only for the non-hydrogen atoms. 
Contributions to the least-squares totals from only those 
reflections with 6F/a 2 ~ 6.0 were accepted. This resulted 
in the rejection of over 20 reflections, many of which 
appeared to be suffering from extinction effects. After 
several cycles of refinement, the maximum ratio of parameter 
shift to standard deviation was still greater than 0.5, so 
it was decided to transfer to full-matrix refinement 
(program SFLS5). A further three cycles of refinement gave 
an R1 of 0.045 and R2 of 0.062. The maximum ratio of 
parameter shift to standard deviation was 0.29. At this 
point, refinement was terminated. 
The final atomic coordinates and temperature factors 
are listed in Table 4.3 and observed and calculated structure 
factors (x 10) from the final cycle of refinement are listed 
in Appendix 2. 
The program ORXFFE was used to calculate bond lengths 
and interbond angles, which are given in Table 4.4. An 
ORTEP drawing of the molecule showing the atomic numbering 
scheme is given in Figure 4.2 and the cell packing arrange-
ment is shown in Figure 4.5. Table 4.5 gives the calculated 
planes of best fit which were calculated using the program 
MEANPL. The structure solution and refinement is summarized 
in Table 4.2. 
TABLE 4.2 
Swnmary of structure solution and refinement for 
ethyl p-nitrophenylpropiolate 
Structure solution method 
Least-squares refinement method 
Atomic scattering factors 
/),f I I /),f " 
Weighting for refineme nt 
Absorption correction method 
Range of transmission factors 
Data for final refinement cycles 
Final model 
Largest parameter shift 
in final cycle 
Swnmary of R1 values : 
At end of isotropic refinement 
At end of anisotropic refinement 
After absorption correction , 
H atoms included 
Final 
Final R2 
Ratio of observations:variables 
Patterson map and direct methods 
b l ock- diagona l (last 3 cycles 
full-matrix) 
O, N, C: Inte rnational Tables , 
Vol III (84]; 
H: Stewart et al . [87] 
not included 
2 
w = 1/02 
de Meulenaer and Tampa (85] 
0 . 88-0 . 99 (mean= 0 . 97) 
All non-H atoms anisotropic , refined; 
H atoms isotropic , r efined 
0 . 29 esd 
0 . 198 
0 . 103 
0.076 
0 . 045 
0 . 062 
1404:181 7 . 7 : 1 
o-3 
Final difference map , larges t peak 0.3 e A 
Figure 4.2 
General view of ethyl p -nitrophenylpropiolate . 
Hydrogen atoms have been assigned arbitrarily s mall 
temperature factors for cl a rity . 
Figure 4 . 3 
" Side-on" di gram of ethyl p-ni trophenylprop iolate 
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4 . 4 Results 
The geometry of the molecule ethy l p -nitrophenyl-
propiolate (Nepp) is shown in Figure 4 . 2 . The acetylenic 
C=C bond length is 1 . 193(3) A, which agrees with values 
found for the analogous bond lengths in 
l : 2 , 5:6 , 9:10 - tribenzocyclododeca- l,5,9 - triene-3,7 , ll-triyne 
(92] (TTT - see Figure 4 . 4) (l.189(2) to 1.193(2) A) , the 
0 
TTT 
Figure 4 . 4 
monopotassium (94) and monorubidium (95] salts of acetylene-
0 • dicarboxylic acid (1 . 191(4) and 1 . 184(16) A respectively) , 
tetrolic acid (97) (l.180 (4) A) , dibenzoylacetylene (96) 
0 0 (l. 17 3 (7 ) A) and dimethylacetylene (99) (l.211 A at - 50 ° ) 
(see Table 4 . 6) . The weighted mean of these values is 
0 1 . 190 A (using the reciprocal of the esd for the weight of a 
0 
value) with a root - mean-square esd of 0 . 009 A. Other values 
0 
reported for an acetylenic C=C bond length are 1.168(2) A for 
0 
acetylenedicarboxylic acid (93] and 1 . 226 A for diphenyl -
ac tylen (98). 
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The C-C =C angles in Nepp are 175 . 8(2) 0 and 178 . 3(2) 0 • 
Even though these two values differ by Bo , the absolute 
magnitudes of the deviations from 180° (the expected angle 
subtended at an sp hybridized atom) are not very great and 
are probably due to packing forces. Values of this angle 
for other acetylenes (see Table 4.6) range from 174 . 8(4) 0 
for dibenzoylacetylene (96) to 179 . 4(3) 0 for the mean 
C(methyl)-C =C angle of tetrolic acid (97) . 
The lengths of the C-C bonds adjacent to the C=C 
0 
bond in Nepp are 1 . 436(3) A (for the C-C(phenyl) bond) and 
0 
1.440(3) A (for the C-C(ester) bond) . These are both 
C(sp)-C(sp2 ) bonds and hence it is not surprising that they 
are statistically equivalent. The expected length of such 
a bond ( f . those in Table 4.2.2, International Tables, 
Vol. III (107]) is 1. 45 A, which is in reasonable agreement with 
these values . Similar values for other acetylenes (Table 
0 
4.6) range from 1 . 430(1) A for one such bond length in TTT 
0 
to 1.481(17) A for the monorubidium salt of acetylenedi -
carboxylic acid, with the notable exception of 1 . 401 A for 
diphenylacetylene . 
The bond lengths in the benzene ring of Nepp range 
0 
from 1.371(2) to 1 . 393(2) A, with the shortest bonds adjacent 
to the nitro group and the longest bonds adjacent to the C=C 
bond . The apparent shortening of the bonds near the nitro 
group can be ascribed to a libratory movement of the ring, 
giving rise to the reduction in the symmetry .of the ring from 
D6h to Cs (with the mirror plane through C(6) and C(9) 
perpendicular to the ring) . A similar libration effect occurs 
in the ethyl group, in which the calculated C(3) - C(4) bond 
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0 
length is 1.348(4) A (not correcte d for thermal motion) - a 
0 
shortening of a .0.19 A from the expected value [107) . The 
ORTEP diagram of the molecule (Figure 4.2) clearly shows the 
large anisotropic motion of the methyl carbon atom (C (3)), 
for which the equivalent isotropic temperature factor is 
0 2 0 2 13.3 A ( c f . 8 . 7 A forC(4)) . 
The N-0 bond lengths in the nitro group are statistic-
ally equivalent (1.217(2) and 1.214(2) 0 A) and the N-C bond 
0 
length (1.471(3) A) is in the expected range [ 107 J • 
0 
The length of the bond C(4) -0(1) (1.462(3) A) is 
considerably longer than that of bond C(S)-0(1) 0 (1.310(3) A) . 
The magnitude of the difference suggests that the n-bond in 
the C(5)0(1)0{2) system is delocalized to a reasonable degree, 
0 
a fact which is supported by a value of 1.189(3) A for the 
C(S)-0(2) double bond, which is comparable to that expected 
for such a bond in a conjugated system [107) . 
As mentioned previously , the coordinates and isotropic 
temperature factors of the hydrogen atoms in the molecule 
were refined. The H-C(phenyl) bond lengths range from 
0 
0.95(3) to 0.99(3) A and the H-C(methyl, methylene) bond 
0 
lengths range from 0 . 84(7) to 1 . 07(7) A. These are all 
within 2 a of the expected value of 0 . 95 A (86) . The four 
H-C(phenyl)-C bond angles are all within Sa of their expected 
value (120 °) . Similarly , the three H- C(methyl)-H and the 
H-C(methylene)-H angles are also with Sa of their expected 
value (109.5 °) . As the esd ' s for the hydrogen atom 
coordinates are probably a little underestimated the 
deviation by Sa of some H-C-C or H-C -H angles from the 
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expe cted values is probably not significant . 
The maximum deviation of any of the six carbon atoms 
of the benzene ring from a l east-squares plane (calculated 
through the six atoms) is 0.004 A (l . 80 ). This plane makes 
an angle of 1 . 09 ° with the plane of the nitro group, and an 
angle of 1 6 . 39 ° with the plane calculated through atoms 0(1), 
0(2) , C(l) and C(S) and hence, the molecule is fairly planar, 
as can be seen from the "s ide - on" ORTEP diagram (Figure 4.3). 
0 
Atoms C(3) and C(4) are 0.84 and 0 . 009 A respectively from 
the plane 0(1) -0(2)-C(l)-C(S). 
C 
Figure 4 . 5 
Stereo cell diagram of ethyl p - nitrophenylp ropiolate 
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C(l)-C(2) 
C(2)-C(6) 
C(4)-0(1) 
C(5)-0(2) 
C(7)-C(8) 
C(9)-C(10) 
C(6) - C(ll) 
N-0( 3) 
C(4) -H (l) 
C(3)-HM(l) 
C ( 3) -HM ( 3) 
C(7)-H(ll) 
C(10)-H(13) 
C(2)-C(l)-C(5) 
C(3)-C(4)-0(l) 
0 ( 1) -c ( 5) -0 ( 2) 
0 (2)-C ( 5) -C ( 1) 
C(2)-C(6)-C(ll) 
C(6}-C(7)-C(8) 
C(8)-C(9)-C(l0) 
C(10)-C(ll)-C(6) 
C(l0)-C(9)-N 
C(9)-N-0(4) 
H(l)-C(4)-H(2) 
H(l)-C(4)-C(3) 
H(2)-C(4)-C(3) 
HM(l}-C(3)-HM( 2 ) 
HM(2}-C(3)-HM(3) 
HM(2)-C(3)-C(4) 
H(ll)-C(7)-C(6) 
H(l2)-C(8)-C(7) 
H(l3)-C(10 )-C(9) 
H(l4)-C(ll)-C(l0) 
TABLE 4 . 4 
Bond lengths and interb ond angles for 
ethyl p -nitrophenylpropiolate 
(a) Bond lengths (A) 
1.193(3) 
1.436(3) 
1.462(3) 
1. 189 ( 3) 
1.384(3) 
1.371(2) 
1.393(3) 
1. 214 (2) 
1.02(7) 
1. 07 (7) 
0.95(7) 
0.95(3) 
0 . 99(3) 
C( 1) -C (5) 
C(3)-C(4) 
0 ( 1) - c (5) 
C(6)-C(7) 
C(8) -C (9) 
C(lO)-C(ll) 
C(9)-N 
N-0(4) 
C(4)-H(2) 
C(3)-HM (2) 
C(8)-H(l2) 
C (ll)-H(l4) 
(b) Interbond angles ( 0 ) 
178 . 3(2) 
111.7(3) 
124.3(2) 
124.7(2) 
119 . 0(2) 
119.6(2) 
122 .7( 2) 
120.2(2) 
118 .1( 2) 
118 .3( 2) 
78(6) 
121 (4) 
127(4) 
118(4) 
107(5) 
117 (2) 
120 ( 1) 
124 (1) 
117 (1) 
1 21 (1) 
C(l)-C ( 2 )-C( 6 ) 
C(4)-0(l)-C(5) 
O (l)-C(5) -C(l) 
C(2)-C(6)-C(7) 
C(7)-C(6)-C(ll) 
C(7)-C(8)-C(9) 
C(9)-C(10)-C(ll) 
C(8)-C(9)-N 
C(9)-N-0(3) 
0(3)-N-0(4) 
H ( 1) -C ( 4) - 0 ( 1) 
C(2 )-C( 4 )-0(l) 
HM (1)-C (3) -HM (3) 
HM(l)-C(3)-C(4) 
HM ( 3 ) - C ( 3) - HM ( 4 ) 
H(ll)-C(7)-C( 8 ) 
H(l2)-C(8)-C(9) 
H(l3)-C(10)-C(ll) 
H(l4)-C(ll)-C(6) 
1.440(3) 
1.348(4) 
1.310(3) 
1.391(2) 
1.375(3) 
1.379(3) 
1.471(3) 
1.217(2) 
o. 84(6) 
0.94(4) 
0. 98 (3) 
0 . 98(2) 
175.8(2) 
117.4(2) 
111.0(2) 
120.9(2) 
120.1(2) 
118 . 9(2) 
118 . 5(2) 
119.2(1) 
118. 4 (2) 
123.3(2) 
103 (4) 
110(4) 
91 (5) 
112 (2) 
107(4) 
120 (1) 
117(1) 
125 (1) 
119 (1) 
TABLE 4.5 
(a) Least-squares planes for ethyl p-nitrophenylpropiolate 
Plane Atoms defining plane . t Equation 
1. 
2 . 
3. 
Phenylene ring C(6) - C(ll) - 0 . 9277X - 0 . 3464Y - 0.13922 + 0 . 3373 
0(3) , 0(4) , N - 0 . 9300X - 0.3340Y - 0.15352 + 0 .34 44 
O(l) , 0(2) , C(l) , C(5) - 0. 7930X - O. 5149Y - 0. 32552 + 0 . 7830 
Plane 1 
t The equations of the planes LX + MY + NZ + D = O 
refer to orthogonal coordinates , where: 
(b) 
X 7 . 4430x - 3.5449y - 3.41902 
Y = Ox+ 7.2297y - 2 .77732 
z = Ox + Oy + 9 . 97692 
0 
Distances (A) of atoms from l east-squares planes 
C(6) 0 . 001(2) Plane 2 0 (3) 0 
C(7) -0.004(2) 0(4) 0 
C(8) 0.003(2) N 0 
C(9) 0.000(2) C(6) -0.078(2) 
C(lO) -0.003(2) C(9) -0 . 028(2) 
C(ll) 0 . 002(2) 
0(3) -0 . 006(2) Plane 3 0 (1) -0.002(2) 
0(4) -0.015(3) 0(2) -0.003(2) 
N 0.000(2) C(l) -0.002(2) 
C (1) 0 . 033(2) C(5) 0 . 006(2) 
C(2) 0.013(2) C(2) -0.044(2) 
C(3) -0 . 838(7) 
C(4) 0.009(5) 
0 
0 
0 
TABLE 4.6 
Important bond lengths and interbond angles for v a rious ace tylenes of 
the form R-C=C- R' 
R R ' C=C R-C R'-C R-C=C R' -C=C Ref. 0 (.&.) (Al (A) ( 0) ( 0) 
p-No2c6H4 C02Et 1.193(3) 1.463(3) 1.440(3) 175 . 8(2) 178.3(2) a 
b b l.192(3) c l.430(1) - l.436( 2)d 176.3(1)-179.3(2) d 92 o- C H o-c6H4 6 4 
co2H C02H 1.168(2) 1.457(2) 1 . 459(2) 177.5(2) 178 . 7(2) 93 
co- e -
2 CO2 1.191(4) 1.466(3) 1.466(3) 175.6(3) 175 . 6(3) 94 
f - l . 184(16) c l.462(14) cl . 476(15) c l77(1) c 178(l) c 95 CO2 CO2 
PhCO PhCO 1.173(7) 1.467(7) 1.467(7) 174 . 8(4) 174 . 8(4) 96 
CH 3 C0 2H 1.180 (4) C l.457(4) c l.441(4) c 179.4(4)c 177.0(4)c 97 
Ph Ph 1. 226c 1. 401 C 1. 401 C >178 >178 98 
CH g 
3 CH 3 1. 211(17) 1 . 457(10) 1.457(10) 99 
a this the s is 
b "TTT" (Figure 4.4) 
c mean value 
d rang e of six values 
e monopotassiurn salt 
f monorubidiurn sa lt 
g d e t e rmine d at - 50° 
CHAPTER 5 
DISCUSSION OF THE STRUCTURES OF 
Pt( PPh 3 ) 2 (p-N02c 6H4C=CC02Et), Pt(PPh 3 ) 2 (PhC=CC0 2Et) 
AND THE FREE ACETYLENE, ETHYL p -NITROPHENYLPROPIOLATE 
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5.1 Compar ison of the two platinum(O)-acetylene structures 
The geometry of the coordination sphere in both 
(ethyl p -nitrophenylpropiolate)bis(triphenylphosphine)-
platinum(O) (Pt(PPh 3 ) 2 (Nepp) - I) and the ethyl phenylprop-
iolate analogue (Pt(PPh 3 ) 2 (epp) - II) is a distorted square-
planar arrangement of the two phosphorus atoms and the two 
acetylenic carbon atoms. As far as the first coordination 
sphere is concerned, I and II are very similar to each other, 
indicating that the nitro group in I causes a negligible 
difference to the bonding in the coordination sphere. The 
two acetylenic C=C bond lengths (1.318(6) A in I and 1.288(8) ~ 
in II) are not significantly different and both indicate a 
large change in bond order from three in the free ligand to 
almost two in the complex. A substantial rehybridization of 
the acetylenic carbon atoms is indicated by the deviation of 
the C-C =C-C moiety from linearity. The extent of the deviation 
from 180° is similar in both complexes (38.3(4) 0 , 39.8(4) 0 
for I; 39. 7 (6) 0 , 39 .2 (6) 0 for II). 
There is a l so a remarkable similarity between the 
geometry of the co ordination sphere of complexes I and II 
and that of the complexes Pt(PPh 3) 2 (cyclohexyne) (25), 
Pt (PPh 3 ) 2 ( cyclohep tyne) [ 26) and Pt (PPh 3 ) 2 ( PhC:CPh) [ 20) 
(see Table 5.1). Similar geometry is also observed in many 
other zerovalent platinum, palladium and nickel complexes 
of acetylen s and olefins (and related ligands, such as CS 2 ) 
TABLE 5 .1 
Important bond lengths and interbond angles for various zerovalent dlO transition-metal complexes of the form 
M 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pd 
Pde 
Nif 
Pt 
Pd 
Pt 
Pt 
Pt 
Pt 
Ni 
Nif 
Rl R2 
p - No2c 6H4 
Ph 
C02Et 
C02Et 
Ph Ph 
cyclohex yne d 
d 
cycloheptyne 
CF
3 
Me0
2
c 
Ph 2P 
Ph 
CF 3 
C02Me 
CF 3 
Ph 
cs g 
2 
cs g 
2 
3 4 R R 
H H 
CN CN 
Cl Cl 
Cl CN 
H H 
CN CN 
1 _ 2 3 4 
ML2 {R - C=C- R ) or ML2 (R 2 C=CR 2 ) (L = PPh 3 ) 
C=C or C=C 
(Al 
1. 318 (6) 
1.288(8) 
1.32(3) 
1. 297 (8) 
1.283(5) 
1. 255 (9) 
1. 279 (11) 
1.286(28) 
1. 284 (16) 
1. 72 cs? 
1.65(3? 
1. 43 
1.49(5) 
1. 62 (3) 
1.42(3) 
1. 46 
1.476(5) 
M-Ll a 
(.&.) 
2 . 286(1) 
2.289(2) 
2 . 28 
M- L2 a 
($.) 
2 . 277(1) 
2 . 269(2) 
2 . 27 
2 . 271(1) 2 . 264(1) 
2.270(1) 2 . 264(1) 
2.285(1) 2 . 277(1) 
2.330(2) 2 .321(2) 
2 . 317(7) 2 . 299(6) 
1 . 835(19) 1 . 829(19) 
2 .346(10) 2 . 240(15) 
2 . 415(8) 2 . 316(8) 
2.27 
2 . 291(9) 2 . 288(8) 
2 . 292(7) 2.278(8) 
2 . 339(6) 2 . 260(6) 
2 . 15 
1 . 868(5) 1 . 864 (5) 
M-C(R1 ,R3 ) M-C(R2 , R4 ) 
{ ,&. ) ( .&.) 
2.039(4) 
2 . 048(6) 
2.01 
2 . 044(5) 
2 . 064(4) 
2 . 024(5) 
2 . 051(6) 
2 . 014(4) 
2 . 018(6) 
2 .06 
2 . 034(6) 
2 . 035(4) 
2 . 031(5) 
2.074(6) 
1. 989 (14)- 2 . 039 (14) 
1. 904 (17) 
2 .063( 46) 
2 . 00(3) 
1.193(17) 
2 . 328(16)i 
2.305(ll)i 
2 .11 
2 .10(3) 
2 . 05(3) 
2 .00(2) 
2 .12 (3) 
2 . 02(3) 
2 .10 ( 2) 
1.99 
1.951(4) 1.956(4) 
1 1 3 2 2 
a L trans to C(R) or C(R); L trans to C (R) or C (R4 ) b see Figu re 1 . 3 C 
cyclic acetylene e dimer f L=ButNC g coordinated via one C=S bond 
eb 
( 0) 
9.4 
5 .1 
14 
4.4 
7 . 3 
3.7 
9.7 
5 .7,14.4 
2 . 6 
6 
l 
1. 3 
8 . 3 
12.3 
1. 9 
5 . 4 
23 . 9 
8b (0 l 
RLC::C R2-c::c 
39.8(4) 
39 . 2(6) 
41 
53 .6( 5) 
43.6(4) 
39.4(6) 
35 . 1(7) 
27 (2) 
30 . 6(18) 
43.8(4)j 
40j 
38. 3 (4) 
39 . 7 (6) 
40 
51.9(6) 
38.9(4) 
4 0 . 4(6) 
33 . 6(7) 
42(2) 
32 . 3 (18) 
Ref. 
C 
C 
20 
25,5 2 
26,5 2 
53 
28 
27 
29 
23 
59 
54 
55 
56 
57 
30 , 54 
58 
this thesis d coordinated 
h coordinated C=S bond i M- S 
bond deviation from linearity of S=C=S anale k angle between non- coordinated C-C (or C=S) bond and MP 2 plane 
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whose structures have been studied. Values of the dihedral 
angle, 6 , and the deviation of the c oordinated acetylene 
from linearity, 8, (as defined in F i gure 1. 3, chapter 1) are 
given in Table 5. 1 , along with the metal-phosphorus and 
metal-carbon bond lengths. 
Fo bo Lh I nd I I , th e bond Pt-C(2) i s signi f icantly 
longer th n Pt -C ( ] ) (F ig ure 5. 1) . Similarly, in bo l h 
complexes, Pt - P (2 ) i s longer than Pt-P (1) (Pt-P (2) b eing 
approximately tra,1s to Pt-C(2)) . An analogous effec t is 
observ d for he wo cyc loalkyne complexe s [ 25,26,52) in 
which the two Pt-C bond lengths are significantly d i fferent 
in length, as are t he two Pt-P bond lengths. Furthermore, 
once again th longe r Pt-P bond is approximately &rans to 
the longer Pt-C bo nd . The fact that identical effects are 
seen in compl xes o f both symmetrical and unsymmetrical 
acetylenes cl arl y i ndicates that the differences in bond 
lengths arise pred ominantly f rom intermolecular packing 
forces in the crys ta l. 
A diffc renc i n M-P bond leng th s has been noted in 
the structur s of M(PP h 3 ) 2 (CS 2 ) (M = Pt [23 ] , Pd [59)), in 
which th di f f erenc i s 0.11 A for the P complex and 0.10 A 
for the Pd complex . I n each of these complexes, the longer 
Pt-P bond is tran o the carbon atom of then-bonded cs2 
molecule. The exp lanation given [23) for this is that the 
overlap of he me t al orbital with the n*-orbital of the 
cs 2 molecul will be greater with the carbon atom than with 
the sulphur a t om, henc lowering the n-bond character of the 
Pt-P bond t r an to carbon compared with that tran to sulphur. 
0 
The di fference in the Pt-P bond lengths in II (0.020 A) is 
marginally greater than that for I (0.008 A) 0 (cf . 0 .007 A for 
the cycloalkyne complexes) . It is just conceivable that the 
difference in electronegativities between the phenyl group 
and the ethyl ester group of the acetylene in II does 
contribute a small degree to the difference in the Pt-P bond 
lengths , although the effect may be due entirely to differing 
crystal packing forces , as must be the case for the 
cycloalkyne complexes . 
It is interesting to note that for the complex 
Pt(PPh 3 ) 2 (cl 2C=C(CN) 2 ) , in which the Pt- P bond trans to the 
CC1 2 moiety is longer than that trans to the C(CN) 2 moiety, 
the explanation given for the difference is based purely on 
differing a - t r an s effects (571 . Here it is assumed that the 
difference in bond lengths is attributable to the greater 
donating ability of the cc1 2 group compared with the C(CN) 2 
group . 
0 
Compared with the mean M-P distance of 2 . 281 A for I , 
2 . 279 A for II , 2 . 268 A f o r the cyclohexyne c omplex and 
0 2.267 A for the cycloheptyne complex , the corresponding 
value in the palladium complex Pd(PPh 3 ) 2 (Meo 2cc =CC0 2Me) (28) 
is 2 . 326 A. The shortening of ~ o . 05 - 0 . 07 A on go ing f rom 
palladium to platinum reflects the large r cova l ent radius of 
zerovalent palladium compared with zerovalent platinum in 
complexes of this type . A comparison of Pt- C and Pd - C bond 
lengths in the above acetylene complexes gives a similar 
0 
result , although the differences are smaller (0 . 01-0 . 04 A 
compared with 0. 05 - 0 .0 7 A for the differences . in the M- P 
bond lengths) . In turn , comparison of M- P bond lengths in 
M(PPh 3 ) 2 (C 2H4 ) (M= Ni [3 0, 541 , Pt (54] indicates that the 
covalent radius of platinum is ~0 . 12 A greater than that of 
nickel. 
As me ntioned in section 1.1, the planarity of most 
dlO n-bond ed complexes is only approximate . The dihedral 
angle, e , (Figure 1.3) ranges from 2.6 ° to 14.4 ° for 
zerovalent me tal-acetylene complexes and 1.3° to 12.3 ° for 
the olefin complexes (Table 5.1), with the exception of 
Ni(Bu tNC) 2 (TCNE) , with a value of e of 23.9 ° . Values of 6 ° 
and 7 ° are observed for the two cs 2 complexes. Hence, for 
most complexes, e is in the range 0-15 ° . The most obvious 
explanation is that, while there is an energy minimum for 
the planar configuration ( e = 0 ° ), the energy trough is 
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very shallow and hence very little energy is needed to 
increase e by a few degrees. Probably the distortion is 
caused by packing forces and th e slight increase in electronic 
energy needed to distort the planar arrangement is offset by 
a decrease in the energy of intermolecular non-bonding 
interactions. 
It has also been suggested (108) that a non-zero value 
of e allows an increase in metal-ligand overlap and a decrease 
in electron repulsion, both of which lead to energy stabiliza-
tion. However, there is little evidence to support the 
rather elaborate energy stabilization scheme suggested, and 
the explanation seems somewhat doubtful. 
The d e viations from linearity, B, (Figure 1.3) of the 
C-C =C moi e ties in dlO zeroval e nt metal-acetylene complexes 
(see Table 5.1) range mostly from 39 ° to 44 ° . The exceptions 
are Pt(PPh 3 ) 2 (cyclohexyne) ( B = 53 ° ), Pt(PPh 3 ) 2 (cyclooctyne) 
( B = 34 ° ) [109) , Pd(PPh 3 ) 2 (Meo 2cc =CC0 2Me) ( B = 34.4°) and 
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Ni(Bu t NC) 2 {PhC =CPh) (8 = 31 . 4 ° ) . The values of a for the 
two cycloalkyne complexes probably refl ec t steric strain in 
each of the rings . In the nickel complex , the smaller value 
of 8 may reflect either the smaller steric requirements of 
t 
Bu NC compared with PPh 3 , or the greater n-bonding ability 
of the former ligand compared with the latter . The similar 
slightly low value of 8 in the palladium complex may be a 
function of the greater predilection for n- bonding exhibited 
by zerovalent platinum compared with zerovalent palladium . 
5 . 2 Comparison of zerovalent and divalent platinum-acetylene 
complexes 
In contrast to the zerovalent metal-acetylene 
complexes (which , to date, have been found to be uniformly 
trigonal-planar) , acetylene complexes of divalent platinum 
fall into two distinct structural types: 
1. Square- planar complexes analogous t o Zeise ' s 
salt, in which the acetylene (in one coordination 
site) lies approximately perpendicular to the 
coordination plane . The platinum atom in these 
complexes is coordinatively unsaturated with 16 
val nee electrons. 
2. Trigonal-bipyramidal complexes of general 
formula PtX(Me)L 2 (ac) (L = tertiary phosphine, 
arsine or amine, X = anionic or neutral ligand , 
ac = disubstituted acetylene) . In t hese 
complexes , the acetylene shares an equatorial 
coordination site with the ligands L , with the 
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C=C bond parallel to the equatorial plane. The 
platinum atom has a full comp lement of 18 valence 
electrons. 
The type 1 complexes are exemplified by the X-ray 
structures of trans -PtC1 2 (p -toluidine) (I3utC =CBut) (61], 
K[PtC1 3 (Et 2C(OH)C =CC(OH)Et 2 )J (110] and t rans -[Pt(Me) (PPhMe 2 ) 2-
(CH3C =CCH3)JPF6 (111] . In the neutral complex, the C=C bond 
makes an angle of 85° with the PtC1 2N plane, with the midpoint 
of the bond lying 0.10 A above the plane (Figure 5.1). 
Figure 5 .1 
The C=C bond length in the coordinated acetylene is 
0 t 1.24(2) A, and the bending-back angles of the two Bu groups 
in the complex are 15(1) 0 and 18(1) 0 • 
Similar results were obtained for the anionic complex, 
0 
where the C=C bond length is 1.18(3) A and the bending-back 
angles of the C(OH)Et 2 groups are 21(2) 0 and 19(2) 0 , and for 
0 
the cationic complex, in which the C=C bond l ength is 1.22(3) A 
and the bending-back angles of the methyl groups are 8(2) 0 
and 16 (2) 0 • 
These results clearly indicate that the acetylene 
undergoes considerably less perturbation on coordination than 
the acetylenes in zerovalent metal - acetylene complexes. 
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The X-ray structure of the type 2 complex 
PtCl(Me) (AsMe 3 ) 2 (cF 3C:=, ccF 3 ) (112) (Figure 5 . 2) features 
trigonal-bipyramidal coordination about the metal atom with 
the acetylene and the two trimethylarsine groups in the 
equatorial plane . The acetylenic C=C bond is parallel to 
Figure 5 . 2 
this plane . However , the most interesting aspects of the 
structure in light of the present discussion are the C=C 
0 
bond length (1.32(4) A) and the deviation of the C- C=C angles 
from lineari ty (45(4) 0 and 30(4) 0 respectively) . The C=C 
0 bond length is ~ 0 . 12 A longer than that of the free acetylene . 
A more precise X-ray structure analysis of a related complex , 
Pt(Me) (HB(l-pyrazolyl) 3 ) (CF 3C=CCF 3 ) (113) (Figure 5 . 3) shows 
0 
a C=C bond length of 1 . 292(12) A and bending-back angles of 
the CF 3 groups of 34 . 4(4)
0
• 
Figure 5 . 3 
Th e se value s for the two comp l e xes indicate a degree 
of metal to ligand- TI * back-bonding comparable with that 
found in the zerovalent platinum-acetylene complexes. 
Furthe rmore, the metal-acetylene interaction is far 
greater than that in the square-planar Pt(II)-acetylene 
complexes. Although the two types of complexes both contain 
formally divalent platinum , the re is one extra filled d 
orbital in the trigonal-bipyramidal complexes compared with 
the square-planar complexes and hence the platinum in the 
former complexes would be expected to donate more electron 
density back to the ligand- TI * orbitals than the latter 
complexe s. 
5 . 3 Comparison of ethyl p -nitrophenylpropiolate in the 
free and complexed states 
An examination of the geometry of free and complexed 
acetylenes seems to indicate that perturbations to the 
acetylene on coordination are limited to changes in the C=C 
bond length and the C-C =C angles . This is borne out in the 
case of ethyl p -nitrophenylpropiolate in which the C=C bond 
0 0 
increases from 1 . 193 (3) A in the free state to 1 . 318(6) A 
in the complex . The C- C=C angles decrease from 175.8(2) 0 and 
178 . 3(2) 0 to 140 . 2(4) 0 and 141 . 7(4) 0 respectively . There are 
no other significant changes in the molecule on coordination . 
5 . 4 Final remarks 
The picture that emerges from the acetylene complexes 
of Ni , Pd and Pt studied so far is that there are two 
distinct classes of compounds. Cons idering an -bonded 
acetylene as a monodentate ligand , these two classes can be 
described as: 
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1. Square-planar divalent complexes, of the form of 
Zeise's salt , where the acetylene -metal interaction 
is comparatively weak. The acetylene undergoes 
only little change on coordination . To date, no 
nickel or palladium complexes of this type have 
been reported. 
2. Three - coordinate (trigonal) zerovalent complexes 
and five-coordinate (trigonal-bipyramidal) 
divalent complexes , where the acetylene 
coordination involves a substantial degree of 
back-bonding , leading to a reduction of the C=C 
bond order to something approaching a double 
bond, with a concomitant bending-back of the 
acety l enic substituents of about 40° . 
Hartley , in his review (70], distinguishes these two 
classes by the labels S (square- planar) for class l compounds, 
and T (tr igonal ) for class 2 compounds . The same labels are 
used for the analogous olefin complexes. 
A feature of the zerovalent platinum-acetylene 
complexes is their extreme stability. Samples of both 
Pt(PPh 3 ) 2 (N pp ) and Pt(PPh 3 ) 2 (epp) have been . kept in air for 
over one y ar without decomposition . Furthermore , complexes 
of inh rently unstable acetylenes can be stabilized by 
coordin tion to Pt(O), as in the case of the cyclohexyne 
/U 
(25 , 52] and cycloheptyne (26 , 52] adducts . The acetylenes in 
these adducts canno t be replaced by a ny linear acetylenes 
although they are replaced by TCNE . 
As explained in chapter 1 , the original aim of the 
project described in this section of the thesis was to 
determine the X-ray structures of the adducts of Vaska ' s 
compound , trans - IrCl(CO) (PPh 3 ) 2 , with the two acetylenes , 
Nepp and epp , and to compare the structures with the IR 
spectra of the adducts in an attempt to correlate the 
reported values of vC=C for the two adducts (71] with any 
observed differences in the geometry of the coordinated 
acetylenes . 
After several unsuccessful attempts to crystal l ize 
either of the Ir(I) adducts , attention was turned to the 
platinum(O) adducts . The IR spectrum of Pt(PPh 3 ) 2 (Nepp) 
- 1 showe d four strong bands at 1750 , 1665 , 1590 and 1 51 0 cm 
and that of Pt (PPh 3 } 2 (e pp ) showed two strong bands at 1 740 
and 1665 cm-land a weak band at 1585 - 1 cm No bands were 
seen in the range 1800 - 2700 cm- l for either complex . If it 
- 1 is tentatively assumed that the bands at 1750 and 1735 cm 
are due t o the stretching frequency of the coordinated C=C 
bond, then the change in vC=C for Nepp on coordination is 
1 - 1 475 cm - and that for epp is 490 cm These differences 
fall in the range observed for Pt(O) - acetylene complexes by 
Chatt et aZ. (19] . The fact that the two values are very 
similar suggests that t h e perturbation to the C=C bond o n 
coordination is almost the same for the two acetylenes - a 
result which is in accordance with the X- ray structu res . 
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The Ir(I)-ace tylene adducts of Vaska ' s compound and 
the Pt{II)-acetylene complexes of genera l f ormula 
Pt(Me) {X)L 2 (CF 3C:: CCF 3 ) (see s ec tion 5.2) are both five-
coordinate derivative s of d 8 metal ions . As men tioned , the 
distortions of the acetylene in the Pt(II) complexes are 
very similar to those observed in the Pt{O) - acetylene 
complexes and it seems reasonable to assume that a similar 
distortion also occurs in the Ir{I)-acetylene adducts . 
Furthermore, it would be surprising if th ere we re very much 
diff e renc e in the Ir-acetylene interaction between 
IrCl (CO) (PPh 3 ) 2 (Nepp) and IrCl (CO) (P Ph 3 ) 2 (epp) (if it could 
be isolated) . 
The extent of the aoparent dissoci a tio n of the f r ee 
acetylenes from the Ir(I) adduc ts would be very sensitive 
to small e ne rgy changes and hence t o small differences between 
the two acetylenes . It may b e possibl e to stabilize the 
adducts by a judicious choice of ligands (e . g . replacement 
of triphenylphosphine by diphe nylmethylphosphine ) . Probably, 
the resulting stabilized addu c ts would exhibi t almost 
identica l geometries , as in the case of th e zerova l e nt 
platinum-ace tyl e ne complexe s. 
SECTIO~J I I 
CHAPTER 6 
BACKGROUND TO THE STRUCTURAL CHEMISTRY OF MANGANESE 
COMPLEXES OF o-PHENYLENEBIS(DIMETHYLPHOSPHINE) 
6 . 1 Introduction 
A systematic study of transition metal complexes of 
the ligand o-phenylenebis(dimethylphosphine) (diphos t -
Figure 6 . 1) has been undertaken recently in this School 
diphos 
Figure 6.1 
(8y AsMe 2 
~ AsMe 2 
diars 
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[115,116] to provide a comparison with complexes of the well-
known versatile arsenic analogue , diars (o -phenylenebis -
(dimethylarsine) - Figure 6.1). Because of the similarity in 
the properties and behaviour of the two ligands, a brief 
review of transition-metal complexes containing diars will be 
given before discussing the more recent work on diphos . 
Diars was originally prepared in 1939 by Chatt and 
Mann (117) who also obtained the first complexes of this 
ligand, vi z . PdC1 2 (diars) and [Pd(diars) 2 1
2+ (118). After 
this work, very little was published on di rs complexes until 
t The abbreviation dip ho s is used by nalogy with the common 
usage of dia rs for the arsenic analogue, although it is 
recognized that the term dip hos is often used as an 
abbreviation for the ligand 1 , 2-bis(diphenylphosphino)-
ethane . 
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1949 , when a tin(IV)-diars complex was reported [119) . A 
considerable amount of work on complexes of diars was under-
taken by Nyholm and his associates who initially prepared a 
number of octahedral complexes of iron(II and III) [120) , 
rhodium(III) [121) , nickel(II and III) [122) and cobalt (II 
and III) [123) , each containing two che late d diars ligands . 
This work was extended by Nyholm and coworkers to include 
additional diars complexes of both transition and main - group 
metals [124 , 125) . The same workers r ecogniz e d that one of 
the most important properties of di a rs is its ability to 
stabilize a rema rkable variety of unusual (low and high) 
oxidation state s and coordination numbers of the transition-
metals (Table 6 . 1) . The ability of the ligand to stabiliz e 
low oxidation states appears to be largely due to its ability 
to accept excess electron d ensity from the metal into empty 
arsenic 4d orbitals . On the other hand , the mechanism of 
stabilization of high formal oxidation states is unresolve d . 
It is clear that diars does not belong in the category of 
h ighly electronegative l igands such as fluoride and oxide 
for which stabilization of high oxidation states (of both 
transition and main-group elements) can be ascribed largely 
to the high ionic character of the element-fluoride or 
element - oxide bond . However , arsenic , with an e lectro -
n egativity value about the same as hyd r ogen , i s much l e ss 
electronegative than fluorine or oxygen . 
Diars appears to be fairly closely rel ted to the 
sulphur-donor ligands , such as 1 , 2-dithio l enes [126 , 127) and 
1 ,1-dithiocarbamates [128 , 129) which are also able to form 
complexes in which the me tal has an unusu a l forma l oxidation 
TABLE 6 .1 
Some complexes of o -pheny lenebis(dimethylarsine) containing metals 
with unusual oxidation states and/or coordination numbers 
Compound Formal Coordination Structure Ref. 
oxidation number 
state 
Ni(diars)
2 
t 0 4 probably 180 
t e trahedral 
FeI(C0) 2 (diars) +l 5 probably 181 
square-pyramidal 
MoX 2 (co) 3 (diars) +2 7 probably 182 
(X = Br, I) pentagonal-
bipyramidal 
[MoX(C0) 2 (diars) 2 J+ +2 7 not known 182 
(X = Br , I) 
NiBr 3 (diars) +3 probably 6 not known 183 
. + 
+3 5 known 141 [Mncl 2 (H 2o) (diars)) not 
. 2+ 
+4 6 probably 124 [FeC1 2 (diars) 2 J 
octahedral 
[ . . ll+,2+ Nicl 2 (diars) 2 +3 , +4 6 tPans-octahedral 148,187 
[AuI 2 (diars) 2 J+ +3 6 tPans-octahedral 147 
Ticl 4 (diars) 2 +4 8 dodecahedral 134,135 
. + 
+5 8 probab ly 184 [TcC14 (diars ) 2 J 
dodecahedra l 
. + 
+5 8 probably 185 [Recl4 (diars) 2 J 
dodecahedral 
WOC1 4 (diars) +6 7 pen t agonal- 186 
bi pyramidal 
t diars o -pheny l e nebis(dimethylarsine ) 
state and which can be reduced or oxidized in reversible 
one-electron steps. However , in the case of complexes of 
the dithiolene ligands , there is a considerable amount of 
evidence (126 , 127 , 130] that the redox processes involve 
orbitals of mainly ligand character . By contrast , redox 
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processes of complexes of dithiocarbamates appear to be 
metal - based (128 , 130] , and dithiocarb mate complexes containing 
transition-metals in apparently genuinely high oxidation 
states , such as nickel(IV) (in the complex tris(N,N-di - n-
butyldithiocarbamato)nickel(IV) bromide (129]) are isolable . 
In contrast with diars (125] , relatively little 
work has been done on the coordjnation chemistry of diphos 
owing to the comparative difficulty of preparing the ligand. 
It was first synthesLzed by Hart (131] , and its nickel 
dicarbonyl complex was reported shortly afterwards (132]. 
In 1966 , Nyholm et al . (133] reported an improved synthesis 
of diphos and at the same time reported the preparation of 
the unusual eight-co-ordinate titanium(IV) complex , 
TiC1 4 (diphos) 2 , which is isomorphous with the diars analogue 
(134,135] . 
A systematic study of diphos complexes of most of the 
first , second and third row elements has recently been carri d 
out by Warren and Bennett (115,116] who have shown that diphos 
forms an even wider range of complexes than diars . It also 
forms an appreciably wider range of complexes th n the 
related dit rtiary phosphine , 1 , 2-bis(dimethylphosphino)ethane 
(dmpe) (136]. 
Although the transition-metal chemistry of diphos is 
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generally very similar to that of diars , striking differences 
occur in the case of the manganese complexes . Unlike diars, 
diphos forms stable complexes of the type tPans-[Mnc1
2
-
(diphos)2Jn+ (n = 0 , 1 , 2) in which the metal is high-spin with 
the oxidation states 2+ , 3+ and 4+ respectively . These are 
the first reported tertiary phosphine complexes of manganese 
in any of the three oxidation states [115] . In general , 
reactions of phosphines with Mn(II) or Mn(III) halides give 
complexes of the phosphine oxide, the oxygen being supplied 
by water, which is usually present in small amounts [137,138] . 
(A compound originally claimed to be MnC1
2
(PPh
3
)
2 
(139] is 
actually the triphenylphosphine oxide complex, MnC1
2
(0PPh
3
)
2 
(140 J . ) 
Manganese-diars complexes of the form [MnC1
2
(diars)
2
Jn+ 
(n = 0,1 , 2) are apparently not isolable . An unstable complex 
formulated as MnC1 2 (diars) 2 [141,137) bears little resemblance 
to its air-stable diphos analogue [115 , 116) , and attempts to 
prepare complexes in higher oxidation states with this system 
were unsuccessful [141,137) , although th e manganese(III) 
complex , [MnC1 2 (H 2o) (diars) J + has been reported (141 I • 
6 . 2 Structures of transition-metal complex s of 
o -phenylenebis(dimethylphosphine) and 
o -phenylenebis(dimethylarsine) 
To date, no structure determinations of rnetal-diphos 
complex shave been published . In addition to the structures 
. h ) n+ of the thr e manganese complexes of diphos, [MnCl 2 (dip os 2 I 
(n = 0 ,1, 2) , described in the following four chapters of this 
thesis , the structures of the octahedral comµl e x 
[CoC1 2 (diphos) 2 JCl04 and the approximately oct hedral complex 
[CuCl(Cl04 ) (diphos) 2 JC104 have also been determined in this 
School [142). 
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Most of the X-ray structure determinations of complexes 
of diars have been carried out on octahedral species of the 
form [MX 2 (diars) 2 Jn+ (X = halide , perchlorate; n = 0,1) , in 
which the anionic ligands are mutually tI'ans . Of the nine 
structures of this type reported, five have metal ions in a 
d 8 electronic configuration [143-147], two in d 7 [148 ,149 ) 
and two in d 6 configurations [149,150). These will be 
discussed further in chapter 10 . Othe r X-ray structure 
determinations of metal-diars complexes [151) include the 
unusual dodecahedral complex TiC1 4 (diars) 2 [134 , 135) , the 
trigonal-bi pyramida l complex Fe(C0) 3 (diars) [152) and the 
binuclear complex [( n-MeC 5H4 )Mn(C0) 2 J 2 (d iars) [153) in which 
the diars ligand bridges the two mangan e se atoms. 
The electronic structure of the nickel(III) complex, 
[NiC1 2 (diars) 2 J+ , has been investigated [154-156) in an 
attempt to determine the extent of delocalization of the 
unpaired electron . Whereas doped powder (154) and single-
crystal [156) esr spectra suggest a considerable delocaliza-
tion of the electron over the donor atoms, solution esr 
spectra [155) indicate that the unpaired electron resides on 
the ligands only ~ 2-3% of the time . At this stage , the 
problem is unresolved . The fact that this point has been 
discussed for Ni(III) raises the question: is the complex 
[MnC1 2 (diphos) 2 J
2
+ actually a genuine manganese(IV) complex, 
or a compl x of manganese(III) and the r dical cation 
(diphos)+? The problem is discussed further in chapter 10. 
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6.3 Scope of the present work 
As has been pointed out, the manganese-diphos 
complexes are quite unusual in that no analogous manganese-
phosphine systems are known and hence, it seemed worthwhile 
to confirm the proposed structures of the complexes by X-ray 
diffraction methods. Furthermore, an accurate comparison 
of the geometry of three probably isostructural complexes of 
the one metal in three different formal oxidation states 
would provide useful information on the changes occurring 
in the inner coorqination sphere on oxidation of the metal 
from the +2 state to the +4 state. As far as is known, such 
a comparison has not previously been made for any system of 
metal complexes. 
Before describing in detail the structures of the 
three manganese-diphos complexes, it is worth mentioning 
briefly some relevant points about the chemistry of Mn(II, 
III and IV). The chemistry of the two higher oxidation 
states has been reviewed by Levason and McAuliffe (1571. 
The metal atom in MnC1 2 (diphos) 2 , as in most divalent 
manganese complexes, has the d 5 high-spin configuration 
(t 3 e 2 ) and theoretically has no ligand-field stabilization 2g g 
energy. In such a case, the manganese-ligand bonds tend to 
possess a greater ionic character than those of metals with 
positive ligand-field stabilization energies. A further 
consequence is that most octahedral high-spin Mn(II) complexes 
are pale-pink or nearly colourless. The diphos complex is 
unusual in that it is yellow, as are the complexes MnX 2 (phen) 2 
(X = halide, phen = 1,10-phenanthroline) [158). 
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Manganese(III) is most commonly observed in the high-
spin state (as is manganese(II)), with the d 4 electronic 
f . . 3 1 con iguration t 2 e . Consequently , complexes of octahedral g g 
symmetry (or symmetry which is close to octahedral, such as 
the o3 symmetry of tris(bidentate chelate) complexes) with 
six equivalent donor sites are subject to a Jahn-Teller 
distortion similar to that seen in complexes of (d 9 ) 
copper(II) . Such distortions are observed in the X-ray 
structure of Mn (acac) 3 (acac = acetylacetonato anion) [ 159 J , 
despite an earlier report that no such distortion existed [160) . 
(It now appears that the earlier structure was in fact not of 
the Mn(III) complex, but of the Co(III) complex (159) . ) 
Sometimes, even though Jahn - Teller distortions are expected, 
no distortion is seen (e . g . in the complex [Cr( H3 ) 6 J [MnF 6 J 
(161]), in which case, a static or dynamic disorder in the 
crystal is generally assumed. Because of the non - degeneracy 
of the eg orbitals in complexes of (approximate) o4h symmetry 
(e . g . [MnC1 2 (diphos) 2 1c104 ), no J a hn-Teller distortions are 
expected , although the Jahn-Teller theorem has often been 
erroneously invoked to explain lengthening of axial metal -
ligand bonds in non-Oh complexes (162) . It is noteworthy 
that , out of the structures of 77 octahedral complexes of 
Cu(II) in which Jahn-Teller distortions have been claimed, 
only seven of the complexes satisfy the criterion of six 
equivalent donor sites (163) . Of these , only four exhibit 
the expected tetragonal distortion . 
With the notable exception of mangan ese dioxide, 
manganese(IV) compounds tend to be fairly unstable and 
2-
normally only form complex anions [15 7,164], such as MnF 6 
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and MnC1 6 . Manganese(IV) forms a numbe r of complexes with 
ligands containing electronegative do nor atoms, e . g . bidentate 
amines, 2- 5- 6-S04 , I0 6 and Teo 6 In contrast, 
does not contain electronegative donor atoms, and indeed 
diphos, like most tertiary phosphines, is a reducing agent. 
Furthermore, the complex is cationic which is very unusual 
for a Mn(IV) complex . 
The preparation [115 , 116] of the three manganese-
diphos complexes is outlined in Figure 6 . 2. 
Chapters 7, 8 and 9 d e scribe the solution and refine-
ment of the structures of the Mn(II), Mn(III) and Mn(IV) 
complexe s respectively. In chapter 10, comparison of the 
three structures with each other and with r e late d complexes 
(particularly diars complexes) is mad e . Crystals of the 
three mangane se-diphos complexes were kindly supplied by Dr 
L . F . Warren of this School . 
Figure 6 . 2 
Preparation of diphos complexes of manganese [115 , 116] 
MnC1 2 + 2 diphos 
MnC1 2 (diphos) 2 
heat in 
iso-propanol 
cone . HN0 3/ 
. h ) + 1 . cone . HCl04 [MnC1 2 (dip OS 2 J 
MnC1 2 (diphos) 2 
excess 
LiCl0 4/CH 3CN 
recrystallize 
Ht0 3/HCl04 
( '\, 2 : l) 
(MnC1 2 (diphos) 2 J [H(N0 3 ) 2 12 
u () 
CHAPTER 7 
CRYSTAL AND MOLECULAR STRUCTURE OF tPans -
DICHLOROBIS( o -PHENYLENEBIS(DIMETHYLPHOSPHI E))MA GA ESE(II) -
MnC1 2 (diphos) 2 
7.1 Introduction 
The compound , trans -MnC1 2 (diphos) 2 (diphos = 
o - phenylenebis(dimethylphosphine)) , was prepared by the 
reaction of manganese dichloride with diphos in refluxing 
iso - propanol . On cooling the solution , yellow crystals 
were formed and were recrystallized f rom ethanol [116] . 
This chapter describes the solution , refinement and r esults 
of the X-ray structure of the complex MnC1
2
(diphos)
2
. 
7.2 Data Acquisition 
7.2.1 Initial cell dimen ions and s pace Jroup determination 
A crystal of approximate dimensions 0 . 23 x 0 . 33 x 0 . 53 
mm (in the directions [l O OJ, [l O lJ and [O O lJ was 
mounted on a quartz fibre with the [O O lJ direction 
parallel to the fibre . Examination of oscillation and 
zero- and first-layer Weissenberg and precession photographs 
revealed that the crystals belong to the monoclinic system . 
The following absences : 
hO i : h + t = 2n + 1 
OkO : k = 2n + 1, 
revealed the space group to be p2 1 / n, a non-standard setting 
P2 1/c (C~h ' no. 14 [80]) . Unit cell dimensions, measured 
from zero-layer Weissenberg and precession photographs , are : 
0 
a= 15 . 77 , b = 9 . 16 , £ = 9 . 06 A, = 99 . 6 ° , V = 1289 A3 . 
The density , pm' measured in carbon tetrachloride/ethanol , 
is 1 . 35(1) g cm- 3 The molecular weight of the complex is 
522 . 18 . Assuming Z = 2 , p was calculated as 1 . 345 g cm- 3 
C 
There are four equivalent positions per unit cell in space 
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group P2 1/n (see section 2 . 3.1) . Hence , since there are only 
two manganese atoms per unit cell , each must be lying on an 
inv ersion centre . 
7 . 2 . 2 DiffI'actome t e I' data collec t ion and da t a I'educ t ion 
The d ta were collected on a Picker FACS - I four -
circle diffractometer , u sing graphite - monochromated CuK-
a 
- 0 
radiation (A = 1 . 5418 A) . The crysta l was aligned with£ 
approximately parallel to the ~- axis and was centred optically. 
The accurate alignment of the crystal and least-squares 
refinement of the cell dimensions was carried out as describe d 
in section 2 . 3 . 2 using CuK 
al 
radiation 0 (A = 1 . 54051 A) and 
a take-off angle of 1 . 5° . The refined cell dimensions are 
0 
a= 15 . 804(1) , e_ = 9 . 1 4 0(1 ), c = 9 . 075(1) A, t3 = 99 . 65(1) 0 , 
03 V = 1292 . 34 A . 
A scan range of (1.60 + 6 ) 0 was used for the data 
collection , where 6 is the dispersion correction (section 
2 . 3 . 2) . Re f lections of the form +h+k ±t we r e measured in the 
range 3 ° < 2 6 < 126 ° . The three standard reflections used 
for monitoring the data collection were 14 0 -2, 0 6 0 
and 2 O 6 . These were measured after eve ry 50 reflections. 
A total of 2487 reflections was measured . The mean drop in 
intensity of the standard reflections during d ta collection 
was 1 . 6% . A correction to account for the lin ar drop in 
82 
intensity was applied to the data as described in section 
2 . 3 . 3 . After application of the Lorentz and polarization 
corrections , values of F
0 
and a 2 were calculated for each 
reflection using the program SETUP3 . The data were sorted 
and reflections for which I/a (I) < 3 . 0 were eliminated . The 
final data set consisted of 1875 reflections of the form 
+h+k± i . A surrunary of the data collection and reduction is 
given in Table 7. 1 . 
7 . 3 Solution and refinement of the structure 
As pointed out in section 7 . 2 . 1 , each manganese atom 
is constrained by crystallographic syrrunetry to be on a centre 
of inversion . For the space group P2 1 /n , the equivalent 
positions in the unit cell are : 
X y Z 
- x -y -z 
~+x ~-y ~+z 
~-x ~+y ~-z 
with centres of inversion at the origin (and at intervals of 
ha l f a unit cell in each direction) . The manganese atom was 
assigned coordinates (0 , 0 , 0) . Because of the point 
syrrunetry of the molecule (C.) , it was only necessary to 
~ 
locate the positions of half of the atoms of the molecule 
(e . g . one chlorine atom and one diphos ligand) . The Pa tterson 
map revealed the coordinates of the chlorine atom and of the 
two phosphorus atoms of the diphos ligand . The chlorine atom 
was distinguishable from the two phosphorus atoms by a 
consideration of the two Cl-Mn-P angles (~ 90 ° ) and the 
P- Mn-P angle (~ 80 ° ) . Two cycles of refineme nt of the scale 
factor gave an R1 of 0 . 33 . A Fourier map based on 
TABLE 7.1 
Crystal data and details of data co llection and reduction 
Chemical formula 
Formula weight 
Space group 
Boundary faces of crystal 
(distance from o rigin (mm)) 
Cell dimensionst 
Radiation used for refinement 
of cell dimensions 
Measured density, p 
m 
Calculated density, p 
C 
z 
Absorption coefficient , ~ 
Radiation used for 
data collection 
Scan width, scan speed 
Scan mode 
Total background count time 
Standard refl ec tions 
(percentage drop in intensity 
during data collection) 
Frequency of measurement 
of standard reflections 
Data collected (28 scan limit) 
Number of data with I/0(1)~3.0 
MnC1 2P4c 20H32 
522.18 
P2 1/n (non-standard setting of P2 1/c) 
t 
1 0 0(0 . 11) 
- 1 0 0(0 . 11) 
1 0 1 (0.16) 
-1 0 -1( 0 . 16) 
1 0 -1(0. 16) 
-1 0 1 (0 . 16) 
-1 1 0(0.44) 
- 1 -1 0(0 . 44) 
0 
a=lS . 804(1), b=9 . 140(1), c=9 . 075(1) A, 
S=99 . 6s(1J 0 , v =l292.34 A3-
cuKa (\ = 1 . 54051 A) 
1 
1. 35 ( 1) g - 3 cm 
1. 345 g -3 cm 
2 molecules per unit cell 
85 . 92 cm-l (CuK 
CuK_ (X = 1 . 5418 A) 
a 
- grap hite monochromated 
(1.60 + ~) 0 , 2° min -l 
8-28 scans 
20 sec 
14 
2 
0 - 2(1.1), 
0 6 (2 . 1) 
0 
3 eve ry 50 reflections 
+h+kH ( 126°) 
1875 
6 0 (1. 6), 
t The cell dimensions in space_gr~up P2 1/c_ (obt~ine~ from those of P21/n 
by the transformation a' =-a ,~· = -b, c ' =a+ c) are a ' = 15 . 804 , 
b ' = 9 . 140 , c ' = 16.853 A, B' = 147.9°. 
contributions from the four heavy atoms (including the 
anomalous scattering components for all four atoms) clearly 
revealed the positions of the ten carbon atoms . Two cycles 
of block-diagonal least-squares refinement , using isotropic 
temperature factors for all fourteen atoms and unit weights 
for all reflections gave an R1 of 0 . 217 . At this point , 
an absorption correction was applied to each reflection , 
using the method of de Meulenaer and Tompa [85] . The absorp-
tion coefficient , µ , is 85 . 92 cm-l (CuK ) . The transmission 
~ 
factors ranged from 0.27 to 0 . 52 with a mean of 0 . 418 . After 
two more cycles of refinement (giving an R1 of 0 . 122), the 
four heavy atoms were assigned anisotropic temperature 
2 factors and the weights were changed to l/ cr 2 . Two further 
cycles of refinement reduced R1 to 0 . 115 . After assigning 
anisotropic temperature factors to all atoms, two further 
cycles of refinement gave an R1 of 0 . 085 . 
The coordinates of the four phenylene hydrogen atoms 
were then calculated , assuming a trigonal arrangement about 
the carbon atoms and a C-H bond length of 0 . 95 A. To 
calculate theoretical positions of the twe lve methyl hydrogen 
atoms, a tetrahedral arrangement was assumed for each of the 
four methyl carbon atoms . Then , for each of these carbon 
atoms , a triplet of hydrogen atom coordinates w s calculated 
for a tran configuration of the atoms ca-P-Cb-H (where Ca 
and Cb are the two methyl carbon atoms on the same phosphorus 
atom and His one of the thre hydrogen atoms) . Further 
triplets of coordinates w re calculate at intervals of 10 ° 
about the circle gen rated by the three hydrogen atoms , giving 
t we lve triplets fore chm thyl carbon atom. A C-H bond 
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length of 0.95 A was assumed for these bonds also . To select 
the most suitable triplet for each methyl group, a difference 
map was calculated and the coordinates of each triplet were 
compared with peaks in the map . For each of the four phenylene 
hydrogen atoms a peak of between 0 . 4 and 0 . 5 e A- 3 occurred 
at the calculated positions . Furthermore , for all four methyl 
groups it was possible to match a triplet of hydrogen atoms 
o- 3 to peaks of maximum height between 0 . 3 and 0 . 6 e A in the 
map . For all four groups , the most suitable triplet was 
within 10° of the t~ans configuration C-P-C- H. The contribu-
tions from the sixteen hydrogen atoms were included in a 
structure factor calculation , although the coordinates were 
not refined . Isotropic temperature factors equal to the 
equivalent isotropic temperature factors of the carbon atom 
to which each hydrogen atom is bound were assigned to the 
hydrogen atoms . Four cycles of refinement gave an R1 of 
0.033. For the latter two cycles , only reflections with 
~F < 60 were included in the refinement . At this stage, the 
hydrogen atom parameters were refined along with the other 
parameters, and refinement converged after several cycles to 
an R1 of 0.032 and an R2 of 0 . 039. Even though this drop is 
not significant according to Hamilton ' s R-factor test (165] , 
the C-H distances and the H-C-H and C-C-H angles remained 
sensible throughout . At the end of refinement, no parameter 
was shifting by more than O. l o . A final difference map 
o-3 
showed no peak greater than 0.32 e A . The fin 1 observed 
and calculated structure factors (x 10) are listed in Appendix 
2 and the final atomic coordinates and temperature factors 
are given in Table 7 . 3 . A summary of the structure solution 
and refinement is shown in Table 7 . 2 . 
TABLE 7 . 2 
Surrunary of structure solution and refinement for MnCl (diphos) 
2 2 
Structure solution method 
Least squares refinement method 
Atomic scattering factors 
/::,f ' , /::,f" included for 
Weighting for refinement 
Absorp tion correction method 
Range of transmission factors 
Data for final refinement cycles 
Final model 
Largest parameter shift 
in final cycle 
Summary of R1 values 
Heavy atoms only 
Non-H atoms only , isotropic 
After absorption correction 
Non-H atoms only, anisotropic 
Final model 
Final R2 
Ratio of observations :variables 
Final difference map - largest peak 
Patterson heavy atom 
block-diago nal 
Mn,Cl,P,C: International 
Tables , Vol III (84) 
H : Stewart et ai. (87) 
Mn, Cl, P 
2 
w = 1/02 
de Meulenae r and Tampa (85) 
0.27-0 . 52 (mean= 0 . 418) 
6F/o 2 < 6 . 0 
All non-H atoms anisotropic , refined; 
H atoms isotropic , refined 
0 .1 esd 
0.33 
0 . 22 
0 . 12 
0.085 
0.032 
0 . 039 
1862:188 
o-3 0 . 32 e A 
9.9:l 
7 . 4 Results 
The geometry of the molecule is close to octahedral 
with a crystallographic centre of symmetry at the manganese 
atom. Hence , the two chlorine atoms are mutually tra ns 
(Figure 7 . 1) . 
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The Mn-Cl bond length in the complex is 2 . 502(1) A 
(Table 7 . 4) and the two Mn - P bond lengths are 2 . 607(1) and 
2 . 642(1) A. The P-Mn-P angle is 78 . 12(2) 0 and the two 
Cl-Mn-P angles are 88 . 26(2) 0 and 88.60(2) 0 • There is no 
intra- or intermolecular hydrogen bonding involving the 
chlorine atom . The closest approach of an atom of another 
molecule to the chlorine atom is 2 . 86(3) A (Cl-H(phenylene)) . 
The closest intramolecular non-bonding distance to the 
0 
chlorine atom is 3 . 13(4) A between the chlorine atom and a 
methyl hydrogen atom (H(21)) . 
0 The P(l) - C(5) bond length is 1 . 831(2) A, which is not 
significantly different from the P(2)-C(6) bond length of 
0 
1 . 839(2) A. The four P-C(methyl) bond lengths range from 
0 
1. 812(3) to 1 . 827 ( 3) A. The apparent shortening of the 
P-C(methyl) bond lengths compared with the P-C(phenylene) 
bond 1 ngths is most probably a libration effect . In fact , 
the P-C(methyl) bond would be expected to be ~ 0 . 03 A longer 
th n the P-C(phenylene) bond , correspon ing with the diff renc 
betwe n a C(sp 3 ) and C(sp2 ) covalent radius (166] . The 
eguival nt isotropic temperature factors of C(l) to C(4) are 
02 in th range 5-6 A Whil none of thes is high , atoms C(l) 
to C(4) are highly anisotropic as opposed to (5) and C(6) 
which r f irly isotropic . 
Figure 7.1 
General view of MnC1 2 (diphos) 2 , showing the overall 
stereochemistry and the atom numbering scheme 
I 
I 
I 
I 
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The bond lengths in the phenyl e ne ring range from 
1.372(4) to 1 . 398(3) A. Once again, the apparent shortening 
of the C-C bond lengths on the side of the ring furthest from 
the phosphorus atoms compared with those near the phosphorus 
atoms suggests a libratory movement of the molecule . This 
is supported by the slightly higher (and more anisotropic) 
temperature factors of atoms C(8) and C(9) compared with C(S) 
and C(6) . The C-C-C angles in the phenylene ring range from 
118 . 9 ( 2 ) 0 to 12 1 . 5 ( 2 ) 0 • 
The six C-P-C angles , which ra nge from 102 . 2(1) 0 to 
103 . 8(1) 0 , are all considerably less than the tetrahedral 
angle of 109 . 5° whereas the four Mn-P-C(methyl) angles are 
somewhat greater (116 . 5(1) 0 -121.1(1) 0 ). 
The six carbon atoms of the ben ze ne ring are all within 
3o of a least-squares plane calculated through them (Table 
7 . 5) . The two phosphorus atoms are both within 0 . 03 A of 
this plane but are on opposite sides of it . The normal to 
the plane of the ring is at an angle of 10 . 0 ° to the normal 
to the plane P-Mn-P (Figure 7 . 2). 
There are no unusually short intermolecular contacts . 
Figure 7 . 2 
View perpendicular to the coordination p lane of 
MnC1 2 (diphos) 2 
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TABLE 7 . 4 
Bond lengths and interbond angles for MnC1 2 (dip hos) 2 
(a) Bond lengths 0 (A) 
Mn-Cl 2 . 502(1) 
Mn-P (1) 2 . 607 (1) Mn-P{ 2 ) 2.642(1) 
P ( l) - C(l) 1. 812 ( 3) P ( 1) - c ( 2) 1.818(3) 
P{2) - C{3) 1.830(3) P{2)-C (4) 1.827(3) 
P ( 1) - C (5) 1.831(2) P(2)-C(6) 1.839(2) 
C{5)-C{6) 1.398(3) C(6)-C{7) 1.396(3) 
C(7)-C{8) 1.382(3) C(8)-C(9) 1.372(4) 
C(9)-C{lO) 1.383(4) C{l0)-C(5) 1.398(3) 
C(l)-H(ll) 0 . 97(3) C (l) -H(l2) 0.90(3) 
C(l)-H{13) 0 . 87(4) C(2)-H(21) o. 96(4) 
C(2)-H(22) 0.98(3) C(2)-H(23) 0 . 98 (3) 
C(3)-H(31) 0. 87 ( 3) C(3)-H(32) 0 . 93(3) 
C(3)-H{33) 0 . 96 (3) C(4)-H(41) 0 . 96(4) 
C(4) - H(42) 0 . %( 4) C(4)-H(43) 0 . 95(4) 
C{7)-H(7) 0. 84 (3) C{8)-H(8) 1.04(3) 
C(9)-H(9) 0 . 98 (3) C(lO)-H{lO) 0 . 91(3) 
(b) Interbond angles ( 0) 
Cl-Mn-P{l) 88 . 26(2) Cl-11n- P (2) 88 .60( 2) 
P{l)-Mn-P(2) 78 . 12(2) 
C{l)-P{l)-C(2) 102 . 6(2) C(3)-P(2)-C(4) 103 .3( 2) 
C(l)-P(l)-C(5) 103.8(1) C(2)-P{l)-C(5) 102.4(1) 
C(3) •-P(2)-C(6) 102. 9 (1) C(4)-P(2)-C(6) 102 .2(1) 
C(l)-P(l)-Mn 117 . 8(1) C ( 2) -P (1) -Hn 118.8(1) 
C ( 5 ) -P (1) -Mn 109 . 4(1) C(3)-P{2)-Hn 116 . 5(1) 
C{4)-P(2)-Mn 121.1(1) C(6)-P( 2 )-Mn 108 . 6(1) 
P(l)-C{5)-C(6) 121.7 (1) P(l)-C(5)-C(10) 119 . 3(2) 
P{2)-C(6)-C(5) 121.0(1) P(2)-C(6)-C(7) 120.1(1) 
C(l0)-C(5)-C{6) 119.0(2) C{5)-C(6)-C(7) 118 . 9(2) 
C{6)-C(7)-C(8) 121. 5 (2) C(7)-C(8) -C (9) 119 . 3(2) 
C(8 ) -C (9)-C(10) 120.5(2) C(9)-C(l0)-C(5) 120.8(2) 
2/ .. . 
TABLE 7.4 (con t . ) 
H(ll)-C(l)-H(l2) 113 (3) H(ll)-C(l)-Hl3) 112 (3) 
H(l2)-C(l)-H(l3) 106 ( 3) H( 21)-C(2)-H(22) 105 ( 3) 
H(21)-C( 2)-H(23) 114 (3) H(22)-C(2)-H(23) 113(3) 
H(31)-C(3)-H(32) 115 (3) H ( 31) -C ( 3) -H ( 3 3) 112 (3) 
H(32)-C(3)-H(33) 108(3) H(41)-C(4)- H(42) 119 (4) 
H(41)-C(4)-H(43) 98 (4) H(4 2) -C(4)-H(43) 113 (3) 
H(ll)-C(l)-P(l) 107(2) H(l2)-C(l)-P(l) 110(2) 
H(13)-C(l)-P(l) 109(2) H(21)-C(2)-P(l) 108 (3) 
H(22)-C(2) - P(l) 107(2) H(23)-C(2)-P(l) 111 (2) 
H(31)-C(3)-P(2) 105 (2) H(32)-C(3)-P(2) 107(2) 
H(33)-C(3)-P(2) 109(2) H(41)-C(4)-P(2) 111 (3) 
H(42)-C(4)-P(2) 107(2) H(43)-C(4)- P (2) 108 (3) 
H(7)-C(7)-C(6) 117(2) H(7)-C(7)-C(8) 122 (2) 
H(8)-C(8)-C(7) 115 (2) H(8)-C(8)-C(9) 126(2) 
H(9)-C(9)-C(8) 118(2) H(9)-C(9)-C (l0) 121 (2) 
H(l0)-C(l0)-C(9) 118(2) H(l0) - C(l0)-C(5) 121(2) 
TABLE 7.5 
(a) Least-squares planes for AnC1
2
(diphos)
2 
Plane Atoms defining plane . t Equation 
l. Mn , P(l) , P(2) 
- 0 . 0693X + 0.6978Y - 0 . 71302 + 0 . 0000 = 0 
2 . Phenylene ring C(5)-C(l0) 0.1048X + 0.6913Y - 0.71492 - 0 . 3564 0 
t The equations of the planes LX + MY+ NZ+ D 0 
refer to orthogonal coordinates , where: 
X = 15.8040x + Oy - 1. 52122 
y = Ox + 9.1400y + Oz 
z = Ox+ Oy + 8.94 662 
(b) Distances (~) of atoms from l eas t- squares planes 
Plane l Mn 0 Plane 2 C(5) 0 . 004(2) 
p ( 1) 0 C(6) -0 . 005(2) 
P(2) 0 C(7) 0 . 001(2) 
C(5) -0.271(2) C(8) 0 . 007(3) 
C(6) -0 . 264(2) C(9) - 0 .009(3) 
C(lO) 0.001(3) 
Mn -0.3 564 
p (1) 0.0172(5) 
p (2) -0.0254(5) 
t 
; 
87 
CHAPTER 8 
CRYSTAL AND MOLECULAR STRUCTURE OF 
trans - DICHLOROBIS( o -PHENYLENEBIS(DI METHYLPHOSPHINE))MANGANESE( III 
PERCHLORATE - [MnC1 2 (diphos) 2 JCl04 
8 . 1 Introduction 
The complex trans -[MnC1 2 (diphos) 2 Jclo 4 (diphos = 
o-phenylenebis(dimethylphosphine)) was prepared by oxidation 
of the manganese(II) complex with Ph 3c+PF6- in dichloromethane 
and converted to the perchlorate salt by treatment with 
lithium perchlorate in acetonitrile [116] to produce the 
orange salt (MnC1 2 (diphos) 2 Jclo 4 . Recrystallization from 
acetonitrile/n-propanol produced needl e - shaped crystals 
suitable for X- ray diffraction . Th e solution , refinement 
and results of the X- ray structure of [MnC1
2
(diphos)
2
JCl0
4 
are described in this chapter . 
8 . 2 Data Acquisition 
8 . 2 . l Initial aell dim ensi o ns and s paae roup dete r mi nation 
The faces of the crystals parall e l to the needle axis 
were not sha rply defi n e d so that the crystals approximated 
to cylinde rs . A roughly cylindrical crystal of l ength 
0 . 35 mm and diameter 0 . 11 mm was mounted with the needle 
axis paralle l to the rotation axis . An oscillation photograph 
exhibited mirror symme try perpendicular to t he rotation axis . 
A zero-laye r Weiss e nbe rg photograph showe d 4-fold symmetry , 
but not mm symmetry , identifying the crysta l class as 
tetragonal , Laue group symme try 4/m . Th 4-fold axis was 
labelled the c axis . Only abs e nces of the for m: 
8U 
hkO: h + k = 2n + 1 
were observed and hence the space gro up was uniquely 
3 identified as P4/n (C4h' no. 85 [ 167]). The cell dimensions 
obtained from photographs are a = 0 16. 91 , C = 9.90 A, 
V = 2830 03 The density of the A . complex, measured in 
chloroform/bromoform mixture, is 1.49(1) g cm- 3 The 
molecular weight of the complex is 621.5. For z = 4, the 
-3 
calculated density is 1.47 g cm , and there are therefore 
four molecules per unit cell. The space group P4/n has eight 
equivalent positions in the unit cell. For the origin at a 
centre of inversion, these positions are : 
X y z ~-y X z 
-x 
-y -z ~+y - x -z 
~-x ~-y z y !.i - x z 
~+x ~+y -z 
-y ~ +x - z . 
The symmetry elements of the space group give rise to special 
positions: 
Centre of inversion, 1, at (0 , 0, 0) and at 
intervals of~ unit cell along each axis , 
4-fold axes at (\, \ , z) and (3 / 4, 3/ 4, z) and 
4 axes at ( \ , 3 / 4 , 0 ) , ( 3 / 4 , \ , 0 ) , (!4 , 3 / 4 , ~ ) 
and (3/4, \ , ~) . 
8.2.2 Diffr ctome t e r data c o l lec ti o n a nd i~l P2du ti on 
Data were collected on a Picker FACS-I four-circle 
diffractometer, using graphite-monochromate d CUK 0 radiation 
(~ = 1.5418 A) . The crystal was aligned with~ approximate ly 
parallel to the ~- axis and was centred opti c ally . The 
accurate alignment of the crystal , using CuK r diation 
1 
I 
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0 
(A= 1.54051 A) , and refinement of the cell dimensions were 
carried out as described in section 2.3.2, giving refined 
0 
cell dimensions of~= 16.866(3) , £ = 9 . 886(1) A, 
V = 2812.19 A3 . A scan range of (1.70 + ~) 0 , where ~ is the 
dispersion correction, was used (section 2.3 . 2) . Reflections 
of the form hki were measured in the range 3 ° ~ 2 6 < 126 ° . 
The three standard reflections, used to monitor the data 
collection, were 11 -1 0, 1 11 1 and 2 0 7 (measured 
after every 50 reflections) . A total of 2829 reflections 
was measured. There was no drop in intensity of the standard 
reflections during data collection . The intensities were 
corrected for Lorentz and polarization effects and values of 
F0 and o 2 were calculated . The data we re sorted (eliminating 
the reflections with I/o (I) < 3.0) to give a final data set 
of 1772 reflections . A sununary of th e data collection and 
reduction is given in Table 8 . 1. 
8.3 Solution and refinement of the structure 
A Patterson map revealed large peaks of roughly equal 
height at (~, 0, 0) , (0, ~ ' 0) and (~ , ~ ' 0) . While the last 
can be due to atoms at any of the special positions , the 
first two peaks arise from an atom on a c e ntre of inversion , 
and this was assumed to be manganese, which wa s assigned 
coordinates (~, ~ ' 0). Peaks corresponding to the two 
phosphorus atoms and one chlorine atom bonded to the metal 
were also apparent. A difference map was calculated , based 
on a model with a manganese atom at (~, , 0) and three 
phosphorus atoms surrounding it octahedrally . This map 
clearly distinguishe d the chlorine atom from the two 
TABLE 8.1 
Crystal data and details of data collection and reduction 
Chemical formula 
Formula weight 
Space group 
MnC13P404C20H32 
621. 63 
P4/n 
Boundary faces of crystal 
approximated to a cylinder parallel to 
[O O 1) (length 0 . 36 , radius 0 . 06 mm) 
Cell dimensions 
Radiation used for refinement 
of cell dimensions 
Measured density, p 
m 
Calculated density, p 
C 
z 
Absorption coefficient, µ 
Radiation used for 
data collection 
Scan width, scan speed 
Scan mode 
Total background count time 
Standard reflections 
Mean drop in intensity of 
standard reflections 
Frequency of measurement 
of standard reflections 
a=b=l6 . 866(3), £=9 . 886(1) .&., 
v=2812 .19 ;p 
CuKa (A= 1 . 54051 A) 
1 
1.49(1) g -3 cm 
1. 470 g -3 cm 
4 molecules per unit cell 
-1 88.97 cm (CuK) 
a 
CulC. (A= 1 . 5418 .&.) 
a _ graphite monochromated 
(1.70 + 6) 0 , 2° min-l 
8-28 scans 
20 sec 
11 -1 
0% 
0 , 1 11 
3 every 50 reflections 
1, 
Data collected (2 8 scan limit) +h+k+£ (1 26° ) 
Nwnber of data with I/a(I)~3.0 1772 
2 0 7 
-- -
',, 
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phosphorus atoms and also revealed the ten carbon atoms . 
Also , large peaks of similar height occurred at (3/4, ~, ~ ) 
and (3/4, 3/4 , 0 . 25) . The peak at (3/4, ~, ~) corresponds to 
a chlorine atom (of a perchlorate) located on a 4 site, whil e 
the peak at (3/4 , 3/4 , 0 . 25) corresponds to a chlorine atom 
on the 4- fold axis . The oxygen atoms of the perchlorate 
group containing the latter chlorine atom must be disordered 
since a tetrahedral ion does not have 4-fold symmetry . These 
two chlorine atoms were included in the model with a multi-
plicity factor of~ - A further difference map was calculated 
to locate the positions of the oxygen atoms of the perchlorate 
groups . Contributions from the anomalous scattering of 
manganese , chlorine and phosphorus were included in the 
structure factor calculation. A peak close to the chlorine 
atom at (3/4 , 3/4 , ~) revealed one oxygen atom . The symmetry 
elements of the space group generated the other three oxygen 
atoms of this perchlorate . Another peak at (3/4 , 3/4 , 0 . 4) 
revealed one of the oxygen atoms of the disorde red perchlorate 
group . Since this was lying on the 4-fold axis, it was 
included in the model with a multiplicity of\ . The electron 
density of the remaining three oxygen atoms appeared as a 
diffuse ring around the 4-fold axis. No attempt was made at 
this stage to include contributions from these atoms in the 
model. Three cycles of block-diagonal least-squares refinemen t, 
using isotropic temperature factors for all atoms, gave an R1 
of 0 . 125. 
Absorption corrections we re applied to the data, using 
the method of numerical integration with a g rid size of 4x4x8 . 
The method of de Meulenaer and Tampa was not us ed since , at 
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the time that the structure was solved , the program was not 
available (see footnote , section 2.4.3) . The absorption 
coefficient is 88 . 97 cm-l (CuK). Four further cycles of 
Cl 
refinement (with isotropic temperature factors) gave an R
1 
of 0 . 112. The manganese , chlorine and phosphorus atoms were 
then assigned anisotropic temperature factors . For the two 
perchlorate chlorine atoms , a constraint matrix was applied 
to make s11 = s22 and to set the cross - terms to zero . Four 
cycles of refinement reduced R1 to 0 . 101 . The coordinates 
of the phenylene hydrogen atoms were calculated (using a C- H 
0 
bond length of 0.95 A) and each of the four positions was 
found to correspond to a positive peak in a difference map . 
The difference map also revealed a peak , near the chlorine 
atom of the disordered perchlorate , which clearly was due to 
the disordered oxygen atoms . To approximate a model of the 
disordered perchlorate group, theoretical coordinates were 
calculated for three oxygen atoms, such that (a) the Cl-0 ' 
bond length was 1.45 A and {b) the O' - Cl-0 and 0 '-Cl - 0 ' angles 
were tetrahedral (0 is the oxygen atom on the 4-fold axis , 
O ' is a "disordered" oxygen atom) . These three atoms were 
given an occupancy factor of~ in subsequent structure factor 
calculations . After four cycles of refinement (with phenylene 
hydrogen atoms included and using anisotropic temperature 
factors for all non-hydrogen atoms except the "disordered" 
oxygen atoms), R1 was 0 . 066 . A comparison of theoretical 
coordinates and peaks on a difference map , as described in 
section 7 . 3, gave the coordinates of the twe lve methyl 
hydrogen atoms . These were included in the model and refine-
ment was continued , using only those reflections for which 
~F/o 2 < 10 . After several cycles , refinement converged, 
giving a final R1 of 0 . 056 and R2 of 0.073. A final difference 
map revealed two peaks (close to the "disordered " oxygen 
o _ 3 . . . 
atoms) of height ~ 1 . 8 and ~1.0 e A , indicating that the 
model of the disordered perchlorate ion is only approximate . 
The next l t k h · o 7 °-3 arges pea on t e map is . e A . The final 
observed and calculated structure factors (x 10) are listed 
in Appendix 2 and the final atomic coordinates and temperature 
factors are given in Table 8 . 3 . A summary of the structure 
solution and refinement is shown in Table 8 . 2 . 
8 . 4 Results 
The structure refinement was hampered by disordered 
perchlorate ions . However , the resultant esd ' s of the bond 
lengths and interbond angles are sufficiently small to allow 
a meaningful comparison of the structure with those of the 
Mn(II) and Mn(IV) analogues (chapter 10) . 
The complex cations are trans -octahedral (Figure 8 . 1) 
with a crystallographic centre of symmetry at the manganese 
atom. Half of the perchlorate anions have exact 4 site 
symmetry while the other half are disordered and located on 
4-fold axes, with one Cl-0 bond coincident with the axis . 
The disorder gives rise to the "smearing-out" of the other 
three oxygen atoms of the disordered groups in a circle 
concentric with the axis . This disorder has been approximated 
by three "quarter-oxygen" atoms in each quadrant of the 
circle. 
0 The Mn-Cl bond length is 2.239(2) A (Table 8 . 4) and 
the two Mn-P bond lengths are statistically equ ivalent 
TABLE 8. 2 
Summary of structure solution and r e finement for 
Structure solution method 
Least- squares refinement method 
Atomic scattering factors 
b.f ', b.f " included for 
Weighting for refinement 
Absorption correction method 
Number of grid points 
Range of transmission factors 
Preset length of C-H bonds 
Data for final refinement cycles 
Final model 
Largest parameter shift 
in final cycle 
Swnmary of R1 values : 
Non-H atoms (except disordered 
O' s ) only , isotropic 
After absorption correction 
Heavy atoms anisotropic 
Final model 
Final R2 
Ratio of observations:variables 
Final difference map , largest peaks 
- close to disordered perchlorate 
- away from disordered perchlorate 
Patterson heavy atom 
block-diagonal 
Mn , Cl , P ,0 , C: International 
Tables , Vol III [84); 
H: Stewart e t al . (87) 
Mn , Cl , P 
2 
w = 1/02 
numerical integration 
4 X 4 X 8 
0 . 171-0 . 438 
0 . 95 $. 
b.F/a2 < 10.0 
All non-H atoms (except disordered O' s) 
anisotropic , refined; 
H atoms and disordered O atoms 
isotropic, not refined 
0 . 05 esd 
0 . 13 
0 . 11 
0 . 10 
0 . 056 
0 . 073 
1621 : 141 
11 - 3 
'\..l. 8 e A 
e 
11-3 0 . 7 A 
11. 5: l 
Figure 8 . 1 
General view of [MnC1 2 (diphos) 2 Jclo 4 , showing the overall 
s tereochemistry (including the model of the disordered 
perchlorate group) and the atom numbering scheme 
• 
(2.345(2) and 2 . 344(2) A) . The P-Mn- P ang l e is 84 . 19(5) 0 
and the two Cl - Mn-P angles are statis ti ca lly equival e nt 
(8 7. 34(6) 0 and 8 7 .28( 6 ) 0 ) . In fact , the r e is a (non-crysta ll-
ographic) mirror plane through the man gane s e a nd chlorine 
atoms and bisecting the bonds C(5) - C(6) and C(8) - C(9) such 
that the two halves of the cation are sta tistically equivale nt . 
The six P-C bond lengths range from 1 . 805(7) to 1 . 825(6) A. 
There is no apparent difference betwee n the four P- C(methyl) 
bonds and the two P- C(phenylene) bonds . Similarly , the six 
C- P- C angles , which range from 101 . 9(3) 0 to 105 . 1(3) 0 , do not 
vary in any obvious systematic manner . The angles are 
considerably lower than the tetrahedra l a ngle of 109 . 5 ° . The 
fou r C(methyl)-P- Mn angles (117 . 5(3) 0 to 119 . 3(3) 0 ) are all 
greater tha n this value , while the two C( p h e nylen e ) - P- Mn 
angles (both 107.9(2) 0 ) are close to t h is a ng l e . 
The C- C bond lengths around t h e be nz e ne ring range 
0 
from 1 . 366(12) to 1 .4 18(9) A. While the r e do e s a ppear to be 
a libration effect causing shortening of the bonds further 
a way from the phosphorus atoms , the effec t is not as 
pronounc e d as in the case of the Mn(II) compl e x . The C- C-C 
angles in the ring are all within 3 a of 120 ° (Tabl e 8 . 5) . 
The normal to the mean plane containing the six carbon 
atoms of the ring makes an angle 11 . 0 ° with the normal to the 
plane P(l)-Mn-P(2) (Figure 8 . 2) . All six c a rbon atoms are 
within 2o of the ring plane . 
The Cl-0 bond length in the "orde r e d" pe rchlorate ion 
is 1. 386 ( 7) A wh i l e t he "ordered" Cl- 0 bond in the d isorde r e d 
p e r c hlo r a t e g r o up is 1 . 44 5 (14) A. The dif fer ence in the two 
94 
bonds is only 4 a which is probabl y not meaningful . 
There are no unusually short inte rmol ecu lar contacts . 
A diagram of the unit cell contents is shown in Figure 8.3. 
Figure 8.2 
View perpendicular to the coordination plane of 
[MnC1 2 (diphos) 2 Jc10 4 
;i 
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Figure 8 . 3 
Stereo cell diagram of [MnC1 2 (diphos) 2 )clo 4 
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TABLE 8.4 
Bond lengths and interbond angles for [MnC l (di phos ) J ClO 
2 2 4 
(a) 0 Bond lengths ( A ) 
Mn-Cl (1) 2.239(1) 
Mn-P(l) 2 .345(2) Mn-P ( 2 ) 2.344(2) 
P(l)-C(l) 1. 814 (8) P(l)-C (2) 1.805(8) 
P(2}-C(3) 1.811(8) P(2)-C(4) 1. 815 (8) 
P(l}-C(5) 1. 825 (6) P (2) -c (6) 1.813(6) 
C(5}-C(6) 1. 393 (9) C(6)-C(7) 1. 418 (9) 
C(7)-C(8) 1. 367 (10) C(8)-C( 9 ) 1. 366 (12) 
C(9)-C(l0) 1. 386 ( 10) C(l0)-C ( 5 ) 1.394(9) 
Cl (2)-0 (1) 1. 386 (7) Cl(3)-0 (2 ) 1. 445 (14) 
( b ) Interbond angles ( 0) 
Cl(l)-Mn-P(l) 87.34(6) Cl(l)-Mn-P( 2 ) 87. 28(6) 
P(l)-Mn-P(2) 8 4.19(5) 
C(l)-P(l)-C(2) 103 . 9(3) C(3)-P( 2 )-C(4) 103.1(3) 
C(l)-P(l)-C(5) 101.9(3) C(2)-P(l)-C (5) 104.3(3) 
C(3)-P(2)-C(6) 103.0(3) C(4)-P( 2 )-C(6) 105 . 1(3) 
C(l)-P(l)-Mn 117.5(3) C(2)-P(l)-Mn 119.3(3) 
C(5)-P(l)-Mn 107.9(2) C(3)-P(2)-Mn 118 . 0(3) 
C(4)-P(2)-Mn 118 . 0(3) C(6)-P(2)-Mn 107 . 9( 2 ) 
P(l)-C(5}-C(6) 117 . 9(4) P(l}-C( 5 )-C(10 ) 123 . 3(4) 
P(2}-C(6)-C(5) 119 . 5(5) P(2)-C(6)-C (7) 120 . 9(5) 
C (10) -C (5) -C (6) 118.6(6) C(5)-C( 6 )-C(7) 119 . 6(6) 
C(6)-C(7)-C(8) 119 . 5(7) C(7)-C(8} - C( 9 ) 121. 7 (7) 
C(8)-C(9)-C(10) 119.1(7) C(9)-C(l0)-C ( 5 ) 121.5(7) 
O(l ) -Cl(2)-0(l)a t 109 . 7(3) O(l)-Cl( 2 ) -0 (l)b t 109 . 0(6) 
t 0 (1) a is r e late d to 0(1) by the syrrune try ope rati o n - y !2+x -z 
O ( l )b is related to 0(1) by the syrrunetry ope ration !i-x !2-y z. 
r---·~· ....... -----------------------------------1111111111111111111111111111111111111111!!!!!!!!!!!!!!!!!!~=~• 
TABLE 8. 5 
(a) Least-squares p lanes for [Mncl 2 (diphos ) 2 Jclo4 
Plane Atoms defining plane . t Equation 
l. Mn , P(l), P(2) 
- 0.0265X - 0.9185Y - 0.3946Z + 7.9691 = 0 
2 . Phenylene ring C(5) - C(l0) o . 0319x - o.8312Y - 0 . 555oz + 6 .9688 0 
t The equations of the p lanes LX +MY+ NZ+ D = O 
refer to orthogonal coordinates, where: 
X = 16 . 866x + Oy + Oz 
y = Ox+ 16 . 866y + Oz 
z = Ox+ Oy + 9 . 886z 
(b) 0 Distances (A) of atoms from least- squares planes 
Plane l Mn 0 Plane 2 C(5) - 0 . 006(6) 
p (1 ) 0 C(6) 0 . 003 (6) 
p ( 2) 0 C(7) 0 . 005(7) 
C (5) 0 . 414(6) C(8) - 0 . 012(7) 
C(6) 0 . 369(6) C(9) o . 006 (7) 
C(lO) 0 . 004(7) 
-1n o . 228 
P( l) - 0 .157(2) 
p (2) - 0 . 037(2) 
; 
I 
I 
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CHAPTER 9 
CRYSTAL AND MOLECULAR STRUCTURE OF 
trans-DICHLOROBIS( o - PHENYLENEBIS(DIMETHYLPHOSPHINE))MANGANESE(IV) 
BIS (HYDROGEN DINITRATE) - [Mn Cl 2 (diphos) 2 J ( H (N03 ) 2 J 2 
9 .1 Introduction 
The complex trans - [MnC1 2 (diphos) 2 J [H(N0 3 ) 2 12 (diphos = 
o - phenylenebis(dimethylphosphine)) was initially prepared as 
the perchlorate by nitric acid oxidation of a perchloric acid 
suspension of the Mn(IV) complex (116] . Recrystallization 
from a mixture of nitric acid and perchloric acid (~ 2 : 1) at 
0°C gave dark-brown crystals of the hydrogen dinitrate salt 
suitable for X- ray diffraction . This chapter describes the 
solution , refinement and results of the X-ray structure 
9 . 2 Data acquisition 
9 . 2 . l In itial ce ll d im e nsi ons a nd s pace group dete r mination 
A crystal was selected and mounted but was found to 
powder in air over a few days. A second crystal , of approxi-
mate dimensions 0 . 35 x 0 . 30 x 0.23 mm , was mounted and 
covered with shellac . An examination of oscillation, 
Weissenberg and precession photographs reve aled that the 
crystal belonged to the monoclinic system (Laue group 2/m) 
and was mounted about a non-unique axis . The syste matic 
absences: 
hk £ : h + k = 2n + l 
h0 £ : £ = 2n + l 
-
I 
I 
i 
I 
I 
I 
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4 revealed that the space group is either Cc (Cs , no . 9 (168]) 
6 
or C2/c (C 2h' no. 15 [169)), and that the crystal was mounted 
about the c axis . The former space group is non-centro-
symmetric with four equivalent positions per unit cell whereas 
the latter is centrosymmetric with eight equivalent positions 
per unit cell. The cell dimensions , obtained from photographs, 
are~= 18.81, ~ = 12.32, £ = 14.94 A, s = 96 .4 ° , v = 3441 A3 . 
It was not possible to measure the d ensity of the crystals 
since the complex decomposes rapidly in all solvents except 
strong oxidants. However, for Z = 4, P is calculated as 
1.39 g cm-
3 
for a molecular weight of 72l t , which seems 
reasonable by comparison with Pc for the Mn(III) complex 
-3 (1.47 g cm ) . Hence it was assumed that there were four 
molecules per unit cell, i . e . four cations and eight anions . 
For space group Cc , no crystallographic symmetry is necessarily 
imposed on the complex, while for space group C2/c, each cation 
would have to lie either on a centre of inversion or on a 
2-fold axis , but no crystallographic r estrictions would be 
placed on the anions. 
Cc are: 
X y 
~+x ~+y 
The equivalent positions of space group 
z X - y ~+z 
z ~+x ~-y ~+z , 
while those for space group C2/c are: 
t The molecular weight of 721 corresponds to the formula 
[MnCl2(di phos)2J [Cl04J2 , which, at this stage , was believed 
to be correct . However, the correct formula is 
[MnCl2(diphos)2J[H(N03)2 J2 , with a molecular weight . of 
771 . 9 nd a corresponding value of p of 1 . 503 , which is 
quite similar to that of the Mn( II I) complex . 
X y z X -y ~+z 
- x y ~-z -x -y -z 
~+x ~+y z ~+x ~- y ~+z 
~-x ~+y ~- z ~-x ~-y -z 
These positions give rise to independent centres of 
inversion at (0 , 0 , 0) and(~ , ~ ' 0) and a 2-fold axis at 
(0 , y , ~) (and a 2-fold screw axis at (~ , y , 0)) . 
9 . 2 . 2 Diffr ac t ome t e r da ta collect i on and data r e du tion 
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A Picker FACS - I four - circle diffractometer with 
graphite-monochromated CuK radiation (~ = 1 . 5418 A) was us e d 
a 
for data collection . The crystal was mounted on a quartz 
fibre with the c axis approximately parallel to the ~-axis . 
Least-squares refinement of the cell dimensions (using CuK 
a l 
radiation , A = 1 . 54051 A) gave~= 18 . 804(2), ~ = 12 . 292(1), 
~ = 14 . 841(1) A, S = 96.38(1) 0 , V = 3410 . 30 A3 . The methods 
of refinement of cell dimensions and of data collection are 
outlined in section 2.3 . 2 . A scan range of (1 . 80+ ~} 0 ( ~ = 
dispersion correction) was used . The three standard reflections 
(8 0 0 , 2 6 0 and O O - 8) were measured after every 50 
reflections to monitor the data collection . Reflections of 
the form hk t and hk t (with h+k even) were measure d in the 
range 3 ° < 2 8 < 100 ° . This low upper limit was specified 
since it was felt that the crystal would be degraded fairly 
rapidly during data collection and since there appeared to 
be only a little observable data with 28 > 100 ° . A total of 
2341 reflections was measured altogether . During data 
collection the intensity of the standard r e flections droppe d 
by a mean of 21 . 3% . A correction for this wa s applied to 
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the data as described in section 2 . 3 .3 . The data were also 
corrected for Lorentz and polarization ef fects and values of 
F and a 2 were calculated . Reflections with I/a (I) < 3 . 0 
were eliminated and the remaining data were sorted to give 
a unique set of 1437 reflections of the form hk i and hki . 
A summary of the data collection and reduction is given in 
Tab l e 9 . 1. 
9 . 3 Solution and r efinement of the structure 
Space group Cc gives rise to a Har ke r line at x=O , 
z=~ in a Patterson map , while space group C2/c has , as well 
as the Harker line , a Harker plane at y=O . 
A large peak occurred in the Patterson map at (0, 0 , ~) . 
This peak was the largest non-origin peak in the map . It lies 
on the Harker line and corresponds to a heavy atom at y=O . 
Since there are no restrictions necessarily imposed on the 
manganese atom in space group Cc , the presence of this peak 
argued strongly for the space group C2/c , with the manganese 
• 
atom at the origin . Consistent with this, peak s were found 
which corresponded to Mn-L vectors where Lis phosphorus or 
chlorine. Hence the coordinat e s of the chlorine and two 
phosphorus atoms bonded to the manganese were found . The 
chlorine atom was distinguishable from the other two atoms 
by a consideration of the L-Mn-L angles . 
At this stage, it was still believe d that the anions 
were perchlorate ions , but no Mn-Cl or Cl-Cl vec tors due to 
the perchlorate ion were obvious from the map . 
A difference map was calculated , bas don the positions 
.... 
II 
TABLE 9.1 
Crystal data and details of data collection and reduction 
Chemical formula 
Formula weight 
Space group 
Boundary faces of crystal 
(distance from origin (mm)) 
MnCl2P40l2N4C20H34 
771. 9 
C2/c 
1 0 0(0 . 17) 
-1 
1 1 0 (0.16) 1 
- 1 1 0(0 . 16) 
-1 
0 0 l(O. 23) 0 
0 0(0.17) 
- 1 0(0.16) 
-1 0 (0 . 16) 
0 -1(0 . 23) 
Cell dimensions 0 a=l8 . 804(2), b=l2.292(1) , £=14 . 841(1) A, 
8=96 . 38(1) 0 , v=34lo.3o ~ 3 
Radiation used for refinement 
of cell dimensions 
Measured densi y, p 
m 
Calculated density, p 
C 
z 
Absorption coefficient, µ 
Radiation used for 
data collection 
Scan width , scan speed 
Scan roode 
Total background count time 
Standard reflections 
(percentage drop in intensity 
during data collection) 
Frequency of measurement 
of standard reflections 
CuKa (A= 1 . 54051 A) 
1 
not measured (compound too un s tabl e ) 
- 3 1. 503 g cm 
4 molecules pe r unit cell 
-1 
70 . 24 cm (CuKa ) 
CUK- (X = 1 . 5418 A) 
a 
- graphite monochromated 
(1.80+6) 0 , 2° min-l 
8-28 scans 
20 sec 
8 0 0(23 . 7) I 2 6 0(22 . 1) I 
0 0 -8(18 . 1) 
3 every 50 reflections 
Data collected (28 scan limit ) ±h+k-i (100° ) 
Number of data with I/0 (!)~3 . 0 1437 
of the manganese atom , the chlorine atom and two phosphorus 
atoms, including the contributions from the anomalous 
scattering of all four atoms. The space group was assumed 
99 
to be C2/c. The map revealed the positions of the ten carbon 
atoms and also showed a large peak which was initially thought 
to be due to the perchlorate chlorine atom . However , the 
peak height was only marginally larger than that of the 
largest carbon atom peak. This observation , taken with the 
lack of observable peaks corresponding to perchlorate oxygen 
atoms, led to the omission of any anion atoms from the 
subsequent structure factor calculation and difference map , 
which was based on the fourteen atoms of the cation . This 
map showed clearly eight peaks of roughly equal height , 
forming two groups of four peaks , with each group containing 
one peak trigonally surrounded by the other three peaks . 
The peaks were clearly indicative of two nitrate groups 
within hydrogen-bonding distance of each other . This could 
only be explained in terms of a "dinitrate" anion , i . e . an 
H(N0 3 ) 2 ion, involving two nitrate ions hydrogen-bonded 
together. Since the complex was crystallized from a mixture 
of concentrated nitric acid and perchloric acid , this 
explanation seemed quite reasonable. The eight atoms were 
included in the model as two nitrogen and six oxygen atoms . 
In two cycles of block-diagonal refinement, the value of R1 
dropped from 0.310 to 0.105. 
At this stage , an absorption correction was applied 
to each reflection using the method of de Meulenaer and 
-1 Tompa (85) . The linear absorption coefficient is 70 . 24 cm 
(CuK). After two further cycles of refinement , the four 
Cl 
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heavier atoms were assigned anisotropic temperature factors, 
giving an R1 of 0 . 094 . On assigning an i sotropic temperature 
factors to all 22 atoms , R1 dropped to 0.073 after two further 
cycles . Coordinates for the four phenylene and the twelve 
methyl hydrogen atoms were calculated and compared with peaks 
on a difference map as described in section 7 . 3 . Each 
ca l culated position corresponded to a positive peak in the 
map . After four further refinement cycles , reflections with 
~F/ o 2 > 6 . 0 were excluded from the refinement which converged 
after several more cycles to give a final R1 of 0 . 039 and R2 
of 0 . 048. At this stage , no parameter was shifting by more 
than 0 . 09 0 . A final difference map showed no peak greater 
o-3 
than 0 . 3 e A . It was not possible from the map to l ocate 
the position of the postulated hydrogen atom bonded to one 
of the two nitrate groups. It is quite possible that it is 
statically or dynamically disordered in an area between the 
two nitrate groups . 
A list of fina l observed and calculated structure 
factors (x 10) is given in Appendix 2 . The final atomic 
coordinate s and temperature factors are shown in Table 9 . 3 . 
The structure solution and refinement procedure is surrunarized 
in Table 9 . 2 . 
9 .4 Results 
The geometry of the cation is t I' an -octahedral 
(Figure 9.1) with the cation having exact (crystallographic) 
The remainder of the molecule consists of four C. syrrunetry . 
~ 
N0 3 groups per cation . It is presumed from a consideration 
of the charges on the cation that a hydrogen atom bridges 
TABLE 9 . 2 
Summary o f structure solution and r efinement for 
Structure solution me thod 
Least- squares refinement method 
Atomic scattering factors 
f..f ' , f..f" included for 
We ighting for refinement 
Absorption correction method 
Range of transmission factors 
Prese t length of C-H bonds 
Data for final refinement cycles 
Final mode l 
Larges t parameter shift 
in final cycle 
Summary of R1 values : 
Non-H atoms of cation only , 
isotropic 
All non-H atoms , isotropic 
Afte r absorption correc tion , 
heavy atoms anisotropic 
Non-H atoms only, anisotropic 
Final model 
Final R2 
Ratio of observations:variables 
Final difference map , larges t peak 
Patterson heav y atom 
block-diagonal 
Mn , Cl , P, O, N, C: Inte rnational 
Tables , Vol III (84] ; 
H: Stewart et al . (87] 
Mn , Cl,P 
2 
w = 1/0 2 
d e Meulenae r and Tompa (85] 
0 . 387-0.484 (mean= 0 .442) 
o . 95 .K. 
All non-H atoms anisotropic , r efined ; 
H atoms isotropic, not refined 
0 . 09 esd 
0 .31 0 
0 .105 
0.094 
0 . 073 
0 . 039 
0 . 048 
1415:196 = 7 . 2:l 
p- 3 0 .4 e A 
Figure 9.1 
General view of [MnC1 2 (diphos) 2 J [H(~o 3 ) 2 J 2 , showing the 
overall stereochemistry and t he atom numbering scheme 
I 
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the two groups , making each N0 3 pair an H(N0 3 ) 2 ion. 
0 
The Mn-Cl bond length is 2.195(1) A (Table 9.4) and 
0 
the two Mn-P bond lengths are 2 . 432(1) and 2.424(1) A. The 
P- Mn - P angle is 82.62(4) 0 and the two P- Mn-Cl angles (87.33(4) 0 
and 87 . 23(5) 0 ) are statistically equivalent . 
The two P-C(phenylene) bond lengths (1 . 814(4) and 
0 
1.804(4) A) , are not statistically different from the four 
P-C (methyl) bonds (ranging from 1.793 (4) to 1.798(5) A) . 
The six C-P-C angles range from 105 . 5(2) 0 to 107 . 1(2) 0 and 
are closer to the ideal tetrahedral angle than their counter -
parts in the Mn(II) and Mn(III) complexes. 
The least-squares plane of the six atoms of the 
benzene ring make an angle of 18 . 4 ° (Table 9 . 5, Figure 9 . 2) 
with the plane P(l)-Mn- P(2) . The C-C bond lengths in the 
0 
benzene ring range from 1 . 361(7) to 1 . 397(7) A and the C- C- C 
angles in the ring are all within 3 . 50 of 120 ° . 
The two nitrate groups in the asymmetric unit are 
both planar , with the normals to the two planes making an 
angle of 88 . 6 ° with each other. Atom 0(3) in the first 
0 0 
nitrate group is 2 . 758(7) A from 0(4) and 2.695(7) A from 
0(5) ( 0 (4) and 0(5) both in the second nitrate group) , while 
0 0 
O(l) is 3 . 109(6) A from 0(4) and 3 . 130(6) A from 0(5). That 
is , the plane of the first nitrate group perpendicularly 
bisects that of the second nitrate group along the line 
N(2)-0(6) , with 0(3) being close r to the line of intersection 
of the two planes than 0(1) . 
( 2 . 7 4 8 ( 7) A) a nd O ( 3) ... 0 ( 5) 
The distances of 0(3) ... 0(4) 
0 (2 . 695(7) A) are both less than 
the sum of the van der Waals radii (170] and are comparable 
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with the value suggested by Hamilton and Ibers (171) for a 
0 
hydrogen bond of the form 0-H ... O (2 . 7 A) . This suggests 
that the postulated hydrogen atom associated with one of the 
nitrate groups is either approximately trigonally bound by 
0(3) , 0(4) and 0(5) or dynamically disordered between atoms 
0(3) ... 0(4) and 0(3) ... 0(5) . While there is a positive peak 
in the final difference map at about 0 . 9 A from 0(3) in the 
direction of the mean of 0(4) and 0(5) , the peak height is 
0-3 
only about 0 . 13 e A and hence may simply arise from random 
errors in the data . Thus it is not r ea lly possible to verify 
the position of the hydrogen atom even though the interatomic 
distances suggest strongly that it lies between atoms 0(3), 
0 ( 4) and O ( 5) . 
0 
The N(l) -0(3) bond l ength (1 . 251(6) A) is significantly 
longer than the N(l)-0(1) and N(l) -0(2 ) bond lengths 
(1 .1 99(7) and 1.218(6) A respectively) which are statistically 
equivalent . The three N(2)-0 bonds in the second nitrate 
0 
group range from 1.201(7) to 1 . 228(7) A and hence are the 
same within experimenta l error . The anomalously high N(l) - 0(3) 
bond length lends support to the postulate that 0(3) is 
bonded to a hydrogen atom since the omission of the hydrogen 
atom from the final model would tend to make this bond appear 
longer since the electron density peak of the oxygen atom 
would move closer to the position of the hydrogen atom . This 
argument presupposes , of course, that the hydrogen atom is 
in fact pre dominantly bonded to one atom and not completely 
delocalized around the two nitrate groups . 
There are no unusually short intermolecular contacts . 
A diagram of the contents of the unit cell is shown in 
Figure 9 . 3 . 
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TABLE 9.4 
Bond l engths and interbond angles for [MnCl (diphos ) J (H (NO ) J 
2 2 3 2 2 
{a) Bond lengths (Al 
Mn-Cl 2 .195 (1) 
Mn-P(l) 2 .432 (1) Mn - P(2) 2 .424 (1) 
P(l)-C(l) 1. 793 (5) P(l )-C(2 ) 1.793(4) 
P(2)-C(3) 1. 795 (5) P(2)-C(4) 1.798(5 ) 
P(l)-C(5) 1.814(4) P(2 )-C(6) 1. 804 (4) 
C(5)-C(6) 1. 38 7 (6) C(6) - C(7 ) 1. 393 (7) 
C(7)-C( 8) 1. 379 (8) C(8) - C(9) 1.361(7) 
C(9)-C(10 ) 1.397 (7) C(l0)-C(5) 1.393(6) 
N ( 1) - 0 ( 1) 1. 218 (6 ) N (1)-0 (2) 1.199(7) 
N (1) - 0 ( 3 ) 1. 251( 6 ) N (2)-0(4) 1.2 22 (6) 
N (2 ) -0 (5) 1. 228 (7) N(2 )-0(6) 1.201(7) 
(b) Interbond angles ( 0) 
Cl-Mn- P (l) 87 .33(4) Cl-Mn-P(2) 87 . 23 (5) 
P(l)-Mn-P(2) 82 . 62 (4) 
C (1)-P (1)-C (2 ) 107.1(2) C(3)-P(2 )-C(4) 106.3(2) 
C(l)-P(l)-C(5) 106 . 9 (2 ) C(2) - P(l) - C(5 ) 105 .5( 2) 
C(3)-P( 2)-C (6 ) 106.6(2) C(4)-P(2)-C(6) 106.0(2) 
C(l)-P(l)-Mn 114. 7(2) C (2)-P (1)-Mn 116. 0 (2) 
C(5)-P( l )-Mn 105 . 8 (1) C(3 )-P( 2)-Mn 114.7(2) 
C(4)-P(2)-Mn 116.4(2) C(6)-P (2)-Mn 106.1(2) 
P(l)-C(5)-C(6) 119.7(3) P(l) - C(5)-C(l0) 119 . 6(3) 
P(2)-C(6)-C(5) 120.6(3) P(2 ) -C(6)-C(7 ) 120.2(3) 
C(10)-C(5)-C(6 ) 120 . 6 (4 ) C(5)-C(6 ) -C(7) 119.1(4) 
C(6 )-C(7)-C(8 ) 120 . 5 (4 ) C(7 ) -C (8 ) -C(9) 120.0(5) 
C(8)-C(9 ) -C (l0 ) 121.2 (5 ) C(9 ) -C(10)-C(5) 118. 5 (4 ) 
O(l)-N(l) -0(2 ) 123.3(5) 0(1)- (1)-0 (3) 119.0(5) 
0 {2)-N(l) -0 ( 3) 117 . 4(5) 0(4 ) -N(2 ) -0(5) 118. 6 (5) 
0 (4)-N( 2)-0 (6 ) 123 . 5 (5 ) 0(5 ) -N (2) -0(6 ) 117 . 8(5) 
TABLE 9. 5 
(a) Least-squares planes for [MnC1
2
(diphos )
2
J (H(N0
3
)
2
J
2 
P lane Atoms defining plane Equation t 
1. 
2 . 
3 . 
4 . 
Mn , p (1), p (2) 
- 0 . 2102X - 0 . 1458Y - 0 . 96672 + 0 . 0000 
Phenylene ring C(5)-C(l0) 0 . 3648X - 0 . 3962Y - 0.84262 + 0 . 5044 
N(l) , 
N ( 2 ), 
0(1 ), 0 (2) , 0 ( 3) 0.6265X - 0 . 6854Y - 0 . 3710Z + 
0 (4), 0(5 ), 0 (6) 
- 0 . 7383X - 0.4291Y - 0.52042 + 
t The equations of the planes LX +MY+ NZ+ D = 0 
refer to orthogonal coordinates , where: 
X = 18 . 8040x + Oy_ - l.6492z 
y = 
z = 
Ox+ 12.2920y_ + Oz 
Ox+ Oy_ + 14.749lz 
2.4479 
4.9036 
(b) Distances (X) of atoms from l east- squares planes 
Plane 1 Mn 0 Plane 2 C (5) -0.006(4) 
Plane 3 
p (1) 
p (2) 
C (5) 
C(6 ) 
N(l) 
0 (1) 
0 ( 2 ) 
0 (3) 
0 
0 
0.566(4) 
0 . 549 (4) 
0 . 029 (5) 
-0 . 007 (4) 
-0 . 010 ( 5 ) 
-0.012(6) 
Plane 4 
C(6) 
C (7) 
C (8) 
C (9) 
C ( 10) 
Mn 
P( l) 
p (2) 
N(2) 
0 ( 4) 
0(5) 
0 (6) 
0 . 005 (4) 
-0. 005 (5) 
0.005(5) 
-0. 006 (5)' 
0 . 008 (5) 
0 . 504 
- 0 .100(1 ) 
-0.039(1) 
- 0 . 006(4)' 
0.002(4) 
0.002(5) 
0 . 003(6 ) 
0 
= 1) 
= 0 
= 0 
CHAPTER 10 
COMPARATIVE STEREOCHEMISTRY OF THE COMPLEXES 
MnC1 2 (diphos) 2 , [MnC1 2 (diphos) 2 1 ClO 4 AND 
[MnC1 2 (diphos) 2 1 [H (N0 3 ) 2 J 2 
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In each of the title complexes , the manganese atom is 
trans - octahedrally coordinated by two chlorine atoms and 
two diphos ligands (diphos = o -pheny lenebis(dimethy lphosphine)). 
In the solid state , the complexes have exact (crystallographic) 
I (Ci) symmetry . The same type of geometry is observed in 
the related complex [CoC1 2 (diphos) 2 1c104 [142] . The copper-
(III) complex [CuCl (Cl0 4 ) (diphos) 2 1c104 (142] is also trans -
octahedral, but of lower symmetry (C 1 ) . Complexes of the 
analogous arsenic ligand, diars (o -phenylenebis(dimethyl-
. )) . . d6 d7 dB arsine , containing , or metals are also commonly 
trans -octahedra l [143-150] . 
A comparison of the Mn-Cl bond lengths in the three 
0 
complexes (Table 10.1) shows a large drop (0 . 263(2) A) on 
going from the Mn(II) to the Mn(III) complex and a consider-
0 
ably smaller drop (0 . 044(2) A) from the Mn(III) to the MJ:i(IV) 
0 
complex . Assuming a covalent radius of 0 . 99 A for chlorine 
[166] , the derived octahedral covalent radii for ~m(II) , 
Mn(III) and Mn(IV) in the three diphos complexes are 1.51, 
0 
1 .2 5 and 1.21 A respectively . The value forMn(II) is higher 
than that expected by comparison with other octahedral 
covalent radii of first-row transition-metals . This anom?ly, 
which is often observed in manganese(II) compounds , has been 
0 
ascribed by Pauling [ 166 J (who quotes a value of 1. 5 7 A) to 
the high degree of ionicity in Mn(II)-ligand bonds , the 
ionicity stemming directly from the absence of ligand-field 
TABLE 10 . l 
Comparison of important bond lengths and interbond angle s for various complexesa of the form 
n+ . 
trans - [MX 2 (o -c6H4 (ZMe 2 ) 2 ) ) (X = halide or perchlorate; z = P or As; n = 0 , 1 or 2) 
Compound 
MnC1 2 (diphos) 2c 
. + [MnC1 2 (diphos) 2 J 2+ [Mncl 2 (diphos) 21 
. + e [CoC1 2 (diphos) 2 1 
[CoC1
2
(diars)
2
J+ ~, g 
. + 7, [cocl2 (diars) 2 1 
+ [Nicl 2 (diars) 2 1 
Co(Cl04 ) 2 (diars) 2 
NiI 2 (diars) 2 
PdI 2 (diars) 2 
Ptr 2 (diars) 2 
PtC1 2 (diars) 2 
. + [AuI 2 (diars) 2 J 
M- X (A) 
2 . 502(1) 
2 . 239(2) 
2 .195(1) 
2 . 249(1) 
2.252(1) 
2 . 22 (1) 
2.256(3) 
2 . 425(3) 
., 
4.05 
3 . 215(2) 
3 . 40 
3.50 
4 .162 (11) 
3 . 35(2) 
M-Z (A) 
2 . 607 , 2 . 642(1) 
2 . 345 , 2 . 344(2) 
2.432 , 2.424(1) 
2 . 255 , 2 . 249(1) 
2.245 , 2 . 253(1) 
2 . 388, 2 . 344(3) 
2.333 , 2 . 336(3) 
2 . 339, 2 . 345(3) 
2 . 300, 2 . 295(3) 
2 . 284, 2 . 302(2) 
2 . 39, 2 . 40 
2. 38, 2 . 38 
2 . 378 , 2 . 372(4) 
2 . 43, 2 . 46(3) 
Z- M-Z ( 0 ) 
78 .12(2) 
84 . 19(5) 
82 . 62(4) 
84 . 91(4) 
85 . 42(4) 
88 . 0(1) 
86.6(1) 
86 . 8(1) 
86 . 2(1) 
87.46(23) 
85.2 
86 . 1 
84 . 2(1) 
84 . 0(8) 
X- M-Z ( 0 ) 
88 . 26 , 88.60(2) 
87 .34 , 87.28(6) 
87.33, 87 . 23 (5) 
86 . 20 , 86 . 17(3) 
86 . 19, 84 . 40(4) 
90 h 
88 . 2 , 87 . 6(1) 
87 . 5, 86 . 7(1) 
84 
84 . 69, 86 . 35(20) 
84 . 9 , 85 . 3 
85 . 5 , 84 . 8 
82 . 3, 83 . 6(2) 
82 . 8, 82 . 8(6) 
8 b (O> 
10. 0 
11. 0 
18 . 4 
24 . 3 
16.3 
0 h 
9 
9 
1 2 
10.4 
2 . 7 
12 . 5 
9 . 0 
28 
a Unless stated otherwise , the metal atom in each complex lies on a crystallographic centre of symmetry 
Ref. 
d 
d 
d 
142 
142 
150 
148 
148 
149 
143 
146 
144 
145 
147 
b Angl~ between plane of benzene rin.g of ligand and MnZ plane c diphos = o -ppeny l enebis (dimethylphosphine) 
d This thesis e Two independent molecules in the 6nit cell f Perchlorate salt 
g diars = o -phenylenebis (dimethylarsine) h Cation r ef ined with 2/m (c 2h ) symmetry i Chloride salt j Co-Cl bond length 
stabilization energy in high-spin octahedral Mn(II) ions . 
The present value (1 . 51 A) is a little shorter than that 
0 (1.58 A) obtained for the complex trans-MnC1 2 (N 2H4 ) 2 [172] 
and is almost the same as that (1 . 50 i) obtained for cis -
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The observed covalent radius of Mn(III) in the diphos 
0 O 
complex (1.25 A) is a little shorter than the value of 1.28 A 
calculated by subtracting the covalent radius of fluorine 
(0 . 64 A [166]) from the observed Mn-F bond length (1 . 922 A) 
in the complex [Cr (NH 3 ) 6 1 [MnF 6 J [161) (in which all six Mn-F 
bonds are equivalent ). 
The M-Cl bond in the manganese(III) complex, 
[MnC1 2 (diphos) 2 J+, is 0 . 12(2) A shorter than the mean distance 
in the cobalt(III) complex, [CoC1 2 (diphos) 2 J+ (142). This 
seems a little surprising since the covalent radius of 
Mn(III) would normally be expected to be longer than that of 
Co(III) . The result is also not exp licable in terms of simple 
ligand-field theory since one unpaired electron in the Mn(III)-
diphos complex would be expected to be in the d(z 2 ) orb~tal . 
This should have the effect of lengthening the M-Cl bond in 
the Mn(III) complex compared with that of the low-spin d 6 
(D 4h) Co(III) complex, in which the d(z
2 ) orbital is empty . 
0 
The drop in covalent radius of 0 . 04 A on going from 
Mn(III) to Mn(IV) in the diphos complexes appears to be low 
for an increase of one in the formal oxidation state of the 
metal . The estimated increase in covalent radius on going 
from Cr(II) to Cr(III) (whi ch are isoelectronic with Mn(III) 
0 
and Mn(IV) r sp ctively) is 0.15 A [174) . However , a r eliable 
I 
estimate of the octahedral covalent radius of Mn(IV) is 
difficult to determine since calculation as above from the 
105 
0 Mn-Cl bonds in K2Mncl 6 (175] gives a value of 1.29 A whereas 
a similar calculation based on the Mn-F bonds in complexes 
of the form MMnF 6 (M = various divalent metal ions) gives a 
value of 1 . 10 A (176]. 
The mean Mn-P bond lengths in the Mn(II) and Mn(III) 
0 
complexes (2.63 and 2 . 34 A respectively) also reflect the 
drop in covalent radius of the metal on increasing the 
oxidation state from +2 to +3. Assuming a value of 1 . 10 A 
for the covalent radius of tetrahedral phosphorus [166] , the 
covalent radii for Mn(II) and Mn(III) are 1.53 and 1 . 24 A 
respectively, which agree well with those obtained from the 
0 
Mn-Cl bond lengths (1 . 51 and 1.25 A). However , a similar 
calculation for the Mn(IV) complex gives a covalent radius 
of 1 . 33 A (c f . 1 . 21 A obtained for Mn(IV) from the Mn-Cl bond 
0 
length), which is 0.09 A longer than that for Mn(III) . A 
possible explanation for this can be found by examining the 
Cl ... H(methyl) distances in the three complexes . The sum of 
the van der Waals radii of a hydrogen atom and a chlorine 
0 
atom is 1.2 + 1 . 80 = 3.00 A. In the Mn(II) complex, 
0 Cl ... H(methyl) distances of 3.13(4)-3.26(5) A are observed 
whereas in the Mn(III)and Mn(IV) complexes, smaller distances 
0 0 
of 2.88-3.03 A and 2 . 92-3.05 A are found . Possibly , for 
these latter two complexes , the Cl ... H(methyl) distances are 
a limiting factor in determining the Mn-P bond lengths . 
The increase in length of the Mn-P bonds in the Mn(IV) 
complex compared with those of the Mn(III) complex may then 
be due to the closer approach of the chlorine to the metal 
in the former complex , which has the effect of pushing the 
diphos ligand away . The Mn-Cl bond stre ngth would be 
expected to be greater in the Mn(IV) complex than in the 
Mn(III) complex due to both the increased formal charge of 
the Mn( IV ) ion and the removal of the unpaired electron 
from the d(z 2 ) orbital. Hence , the Mn-Cl bond strength is 
probably maximized at the expense of the Mn-phosphine 
bonding . In fact , the Cl-Mn-Cl bonding is very likely an 
important stabilizing feature of the two higher oxidation 
states . 
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It is noteworthy that the lengthening of the M- P bonds 
and the concomitant shortening of the M-Cl bonds on going 
from the tervalent to the t etravalent state is also seen in 
various octahedral third-row transition-metal complexes 
studied by Mason et al. [ 177 J • For all three metals , the 
M-Cl distances ( tran 0 to Cl) decrease by ~0 .03 A whereas the 
0 
M-P distances (tr ans to P) increase by ~ 0.04 A on going from 
the M(III) complex to the M(IV) complex, giving rise to a 
considerable anisotropy in the covalent radii of the met'als 
in the tetravalent complexes. Calculations [177 , 178] have 
shown that for the tetravalent complexes, the anisotropy is 
consistent with mores electron character in the M-P bonds 
than in th M-Cl bonds . 
Another notable feature which distinguishes the 
Mn(IV) complex from the Mn(II) and Mn(III) complexes is the 
dihedral angle , 8 , ( see Figure 10 . 1) between the plane of 
the benz ne ring and the MnP 2 plane , which is 10.0°and 11.0 ° 
in the Mn(II) and Mn(III) complexes respectiv ly and 18 .4 ° 
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in the Mn(IV) complex . From a study of a molecular model , 
it is evident that , if an approximately tetrahedral configur-
ation is maintained about the phosphorus atoms , the effect 
of increasing the dihedral angle is to push the two methyl 
groups, C and C (Figure 10 . 1), of the ligand outwards from a C 
the metal atom and move the other two (Cb and Cd) slightly 
closer to each other and also towards the benzene ring . The 
overall effect is that all four methyl groups move away from 
Cl 
Cl 
Figure 10.1 
the chlorine atom . Thus, intramolecular repulsions can 9e 
minimized by a bending of the ring about the line P ... P . It 
is also very probable that the dihedral angle is quite 
sensitive to intermolecular packing forces since , for the 
two independent molecules in the unit cell of 
108 
(CoC1 2 (diphos) 2 JCl0 4 (142) , dihe dral angles of 16.3 ° and 
24.3 ° are observed . The Co -Cl and Co- P bond lengths in the 
two independent molecules are not significantly different. 
A non-zero value of the dihedral angle (which has the 
effect of reducing the symmetry of the complex from the ideal 
D2h to c 2h) is also observed in most other complexes of 
diphos (142) and diars (143-149) where the angle ranges from 
2 .7 ° for PdI 2 (diars) 2 (146] to 28 ° for (AuI 2 (diars) 2 Jr [~47) 
although most values are in the range 9.0 °-12.5° (143 -145,14 8 , 
149) (Table 10.1). It has been suggested [148) that the 
bending helps to relieve crowding about the halogen atom , 
as mentioned above . However, the alternative suggestion that 
the bending stems from intermolecular forces has also been 
given [146]. Probably both factors play a part in determining 
the degree of bending for any particular complex . 
The four Cl -Mn-P angles in the Mn(III) and Mn(IV) 
complexes are all statistically equivalent, with a mean of 
87.30 ° . The two angles in the Mn(II) complex are 88 .26(2) 0 
and 88 . 60(2) 0 • The deviation from 90 ° , which is seen in, 
practically all octahedral diphos and diars complexes whose 
structures have been examined , appears to be due to the 
requireme nt to minimize repulsions between the chlorine atom 
and the me thyl groups , as describe d above for the dihedral 
angle. An alternative explanation for the d e viation (as 
suggested for PtC1 2 (diars) 2 [145) and PtI 2 (diars) 2 (144Jf in 
wh ich the distortions are ~ 7 ° ) is that asymmetrical inter-
molecular packing forces push the chlorine atom towards one 
of the ph e nyl e ne rings . Howe ve r , in all thre e manganese 
complexe s , the move ment of the chlorine atom is towards the 
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two methyl groups which are furth e st from each other (C and 
a 
C in Figure 10.1), consistent with the intramolecular steric C 
effects. 
All three manganese complexes show a general shortening 
of the C-C bonds of the benzene ring for the bonds further 
away from the phosphorus atoms, indicating a libratory 
movement of the molecule. Libration of the methyl carbon 
atoms is also evident from P-C(methyl) bond lengths which 
are calculated to be slightly shorter than the P-C(phenylene) 
bonds. One would expect these bonds to be longer due to the 
slightly greater covalent radius of a C(sp 3 ) atom (0.77 A) 
2 0 
compared with a C(sp ) atom (0. 74 A) (166] . 
In the Mn(III) complex, there is a non-crystallographic 
mirror plane perpendicular to the MnP 2 plane passing through 
the manganese atom and the midpoint of the bonds C(5)-C(6) 
and C(8)-C(9). An approximate mirror plane also exists in 
the Mn(IV) complex . In contrast to these two complexes, the 
coordination sphere of the Mn(II) complex is quite asymmetric. 
In particular, the Mn-P distances differ by 0.035 ~ (~ 25?). 
As mentioned earlier , the high-spin d 5 configuration of the 
rnanganese(II) ion has no ligand-field stabilization energy 
and thus greater deviations from regular octahedral geometry 
(compared with, say, the Mn(III) and Mn(IV) complexes) are 
not unexpected. 
The six C-P-C angles , which range from 102.2(1) 0 to 
103.8(1) 0 in the Mn(II) complex are very similar to thos~ of 
the Mn(III) complex (101.9(3) 0 -105.1(3) 0 ) and are a little 
l ess than those of the Mn(IV) complex (105.5(2) 0 -107.1(2) 0 ). 
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These values are all notably less than the tetrahedral angle 
(109 . 5°). On the other hand , the Mn-P-C(methyl) angles are 
considerably larger than the tetrahedral angle in the three 
complexes (116 . 5(1) 0 -121.2(1) 0 ; 117.5(3) 0 -119.3(3) 0 ; 
114 . 7(2) 0 -116 . 4(2) 0 ) . The Mn-P-C(phenylene) angles for the 
Mn(II) and Mn(III) complexes are quite close to the tetrahedral 
an g le ( l O 8 . 6 ( l ) 0 , l O 9 . 4 ( 1 ) 0 for Mn ( I I ) and bo th 1 O 7 . 9 ( 2 ) 0 
for Mn(III)) whereas those of the Mn(IV) complex are a little 
less (105.8(1) 0 , 106 . 1(2) 0 ). Similar or slightly greater 
distortions have been noted for some diars complexes [143 , 148, 
150] . As pointed out by Pauling et al . (150], the distortions 
from 109 . 5° of the C- As-C and C-As-M angles in various diars 
complexes remain remarkably constant despite changes ind 
electronic configuration and in the exact arrangement of the 
ligands about the metal . This was attributed to the highs 
character of the a -donor orbital of the arsenic atom . Further 
support for this idea comes from the crystal structure of 
the complex Cr (CO) 2 (DAM) (DAM = bis (diphenylarsino)methane , 
CH 2 (Ph 2As) 2 ) (179] in which the distortions at the coordinated 
arsenic atom are nearly equivalent to those at the unco -
ordinated arsenic atom . The similarity of the distortions 
in the diars and the diphos complexes suggests that this 
premise is also true for the diphos complexes. 
A general feature of the diars complexes [143-150] is 
0 
a shortening of the M-As distances by ~ o . 1-0 . 2 A from that 
expected from the sum of the covalent radii of the metal and 
arsenic atoms . This has been interpreted as indicating q 
degree of d -d interaction betwe en the metal and the arsenic , 
n n 
giving rise to partial double-bond character in the metal-
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arsenic bond. There is no evidence of an analogous shortening 
of the metal-phosphorus bonds in the manganese-diphos complexes . 
In fact, as mentioned above , a lengthening is seen in the 
Mn ( IV) complex . 
In summary , the three unusual manganese-diphos 
complexes are isostructural and exhibit similar structural 
features to the diars complexes and to the complex 
The Mn-Cl bond lengths reflect th~ 
changes in the covalent radius of the manganese atom on 
changing the oxidation state of the metal. On the other hand, 
the Mn-P bond lengths appear to be partially governed by 
intramolecular interference between the phosphine methyl 
groups and the coordinated halide ion . 
It is not really possible to determine unequivocally 
from the X-ray structure whethe r the Mn(IV) complex does 
indeed contain a genuine tetravalent manganese ion. However, 
the P-C(phenyle~e ) and the C(phe nylene)-C(phenylene) bond 
lengths show no indication of oxidation of the form shown 
below . On the other hand , such an oxidation is evident ip 
x~ XP+ -2 e • P + )[:~ - 2e x: --+ 
dithiolen complexes , such as th e nicke l complexes 
[NiS 4c4 (CN) 4 1-n (n = 2 , 1, 0) (126] in which, as the nickel 
oxidation state is increased from +2 to +4, there is a trend 
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for the C=C bond lengths to increase and the C-S bond lengths 
to decrease , suggesting that the ligand is being oxidized as 
shown above . 
It is hoped that the crystal and molecular structures 
of a number of other diphos complexes of the form 
[MC1 2 (diphos) 2 Jn+ which have been prepared by Warren and 
Bennett [115 , 116) shall be determined in the near future , in 
order to provide valuable structural information on the· 
effect of increasing the oxidation state of the metal for 
a particular electronic configuration and , conversely , the 
effect of increasing the electronic configuration for a 
particular oxidation state (assuming most of the complexes 
are indeed tI'ans -octahedral). Moreover , series such as 
[FeC1 2 (diphos) 2 Jn+ (n = 2 , 3 , 4) would provide further 
information on the effect of increasing the oxidation state 
of a particular metal . 
Clearly , a systematic structural study of transition-
metal complexes of diphos would provide not only further 
insight into the nature of the metal-ligand interaction , but 
also a unique opportunity to study a variety of probably 
isostructural transition-metal complexes . 
SECTION III 
CHAPTER 11 
MECHANISMS AND STEREOCHEMISTRY OF 
OXIDATIVE ADDITION REACTIO S 
11 . l Background 
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The term "oxidative addition" covers a large variety 
of reactions in which a molecule (often called the addend) 
adds to a metal complex , increasing both the formal oxidation 
state and the coordination number of the metal . The elec-
tronic configuration of the metal in the reacting complex 
is most commonly dB although oxidative addition to dlO and 
d
7 
systems is well established . This chapter deals mainly 
with oxidative addition to dB complexes although reference 
to some dlO systems will also be made . 
The addends, XY, fall into two main groups: (a) those 
in which the X-Y bond is cleaved (such as hydrogen, halogens, 
hydrogen halides , alkyl and acyl halides, mercuric halides 
and silanes) and (b) those in which the X-Y bond remains 
intact (such as oxygen , olefins and disubstituted acetylenes) . 
Examples of oxidative addition reactions are shown 
below: 
tY'an s-IrCl (CO) (PPh 3 ) 2 + XY 
dB 
ci s-PtMe 2 (PPhMe 2 ) 2 + XY 
dB 
IrClXY (CO) (PPh 3 ) 2 
d6 
PtXYMe2(PPhMe2)2 
d6 
1 14 
Pt(PPh 3) 3 + XY-----+ PtXY (PPh 3) 2 + PPh 3 dl O dB 
(XY = CH 3I , HBr, o2 , (CJ) 2C=C(CN) 2 , PhC =CPh) 
The literature of oxidative a ddition reactions has 
been reviewed extensively up to 1972 [188- 192] . 
Before describing some of the earlier work on the 
mechanisms of oxidative addition reactions , the stereo-
chemistry of the adducts formed by oxidative addition to 
iridium(I) and platinum(II) complexes will be discussed . 
Wh e reas addition of hydrogen to v a rious iridiwn(I) 
complexes always appears to give a cis - dihydri de , addition 
of halogens and alkyl halide s usually give s a dducts con-
taining mutually trans adde nd atoms , although it is not 
always clear whether the additions are kinetically or 
thermodynamically controlled. Addition o f methy l halides 
to trans -IrX(CO)L 2 (X = halide ion, L = t e rtiary phosphine) 
appears to b e kinetically contro l led and gives rise to 
adducts in which the addend gro up s are trans [193,194] ; 
a report [195] claiming cis -addition of methyl iodide to 
IrCl(CO) (PPh 3) 2 is probably incorre ct [196] . The addition 
of various substituted al l yl chlo ride s and bromide s to 
t r ans -IrCl(CO)L2 (L = PPhMe 2 , As PhMe 2) give s products in 
which the a ddend a t oms are mutually cis [197]. Ha logens 
have b ee n reported to add cis [ 195] to trans -IrCl(CO) (PPh 3 ) 2 , 
but trans to trans -IrCl(CO) (PPh 2Me ) 2 [193]. As is 
the case wi th mo l ec ul a r hydrogen , hydrogen hal i de s 
react reversib l y with tran -I rCl (CO ) (PR3 ) 2 complexes 
t o g ive adducts con t a i n i ng i a dend a t oms [1 9 8 , 19 9] a n d 
ll S 
the reaction is kinetically contro lled . However , rearrange-
ment to products containing mutua lly t Pans addend atoms occurs 
in the presence of ionizing solvents [199). 
Oxidat ive a ddit i o n to c omplexe s o f t he fo r m t Pan s -IrX (CO) L2 
(X = halide, L = tertiary phosphine) most commonly give adducts 
in which the phosphine ligands are mutually tI'ans . However , 
the addition of various substi tuted allylic chlorides and 
bromides to t Pans -IrCl(CO)L2 (L = PPhMe 2 , AsPhMe 2 ) initially 
gives products containing mutually cis phosphine or arsine 
ligands which rearrange in ethanol solution to give adducts 
with t I' ans phosphines or arsines, the intermediate being a 
n-allylic complex [197) as shown below . 
a ll @ l L Cl a ll X 
r benzene 
OC L oc 
L 
all = allylic 
lUOH 
X = Cl , Br 
L = PPhMe 2 , AsPhMe 2 
all 
L Cl L 1 + 
+ X 
oc L oc 
X L 
Similarly, the adduct of tetracyanoe thylene with tPans -IrBr-
(CO) (PPh 3 ) 2 contains cis pho sphine liga nds (with Br t Pans 
to co) [ 19 4] . 
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Less work has been published on the stereochemistry 
of platinum(IV) adducts. Appleton et al . [200) conclude 
that, in general, for platinum(IV)-phosphine complexes, 
the thermodynamically most stable isomer is that containing 
mutually trans phosphine ligands. Ruddick and Shaw [201) 
found that complexes of th e type PtX 3MeL 2 or PtX 2
Me
2
L
2 
(X = Cl,Br; L = PPhMe 2 ), formed by addition of halogens or 
methyl halides to trans -PtXMeL 2 , contain mutual ly trans 
phosphine groups whereas complexes of the type PtXMe
3
L
2 
and PtMe 4L2 contain mutually cis phosphine groups . Oxid-
ative addition of acetyl halides or p -toluenesulphonyl 
halides to cis -PtMe 2 L2 gives octahedral adducts in which 
the addend atoms are trans ; the phosphine ligands remain 
mutually cis . 
The earliest ideas on the mechanisms of oxidative 
addition reactions were based directly on the stereochem-
istry of the adducts. Thus, the observations that hydrogen 
always gave adducts with mutually cis hydride ligands [202, 
194) supported the idea of a three-centred transition state 
as shown in Figure 11.1. Kinetic data [189,192] later 
provided support for this. 
.-~' S i 
M" M' 
' 
' 
'H 'B 
Figure 11.1 
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A similar transition state (Figure 11.1) has been 
proposed [203,192] for the addition of various trisubstituted 
+ silicon hydrides to [Ir(dppe) 2 ] (dppe = 1,2-bis(diphenyl-
phosphino)ethane). 
The first work dealing directly with the mechanism 
of oxidative addition reactions was published in 1966 by 
Chock and Halpern (204) who investigated the kinet ics of 
the reaction between the square-planar iridium(I) complexes 
trans -IrX(CO) (PPh 3) 2 and various addends YZ (X = Cl, Br, I; 
YZ = H2 , o2 , CH 3I). All reactions were found to follow 
second-order kinetics. In the case of methyl iodide, a 
large negative value for the entropy 
a polar transition-state of the form 
of activat ion suggested 
o+ o-L4rr ... Me ... I , and 
the kinetic behaviour argued strongly for an S 2 mechanism 
[204,205]. Recent kinetic studies support the polar trans-
ition-state and the rate of addition of methyl iodide to 
trans-IrCl (CO) (PPhMe 2 ) 2 was found to be unaffected by the 
presence of a radical scavenger (206]. 
Osborn et a l . (207) initially claimed that the reaction 
between t r an -IrCl(CO) (PMe 3 ) 2 and t r an s-l-bromo-2-fluoro-
cyclohexane proceeded with inversion of configuration at the 
coordinating cyclohexyl carbon atom, indicative of an SN2 
mechanism. This was challenged by Jensen and Knickel (208) 
who observed no reaction in this system under anaerobic 
conditions. The claim of inversion was subsequently with-
drawn (209] and strong evidence was presented for a free 
radical mechanism in the reaction between t r ans -IrCl(CO) (PMe 3 ) 2 
and the primary alkyl halide, PhCHFCHRBr (R = H, D) (209]. 
Yet another mechanism for the addition of an alkyl halide 
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to an iridium(!) complex was propo sed by ~earson and Muir 
[210] who claimed that the addition of the optically active 
a -bromoester , (-)-CH 3CHBrC0 2Et, to trans-IrCl(CO) (PPh 2Me) 2 
and the subsequent cleavage of the alkyl group by bromine 
were accompanied by overall retention of configuration at 
the chiral centre. Claiming that cleavage of alkyl-metal 
bonds with bromine is known to occur almost entirely with 
retention, they concluded that the addition of the bromo-
ester to the iridium(!) complex also occurred with retention 
of configuration. They also found that addition of methyl 
iodide to t r an s -IrX(CO)L 2 (X = Cl, SC L = PPh 3 , PPh 2Me) in 
the presence of a competing anion , Z, gave only the adduct 
IrXIMe(CO)L 2 without incorporation of Z , indicating that the 
addition occurs in a one-step concerted process . They point 
out that these results are consistent with a cis or t r ans 
addition of the bromoester to the iridium(!) complex. 
Using similar arguments concerning the retention of 
configuration in the cleavage of alkyl groups by bromine, 
Johnson and Pearson [211] claimed that addition of optically 
active sec-butyl bromide to the d 8 system, [Mn(C0) 5 ] 
occurred with inversion. However, as pointed out by Jensen 
and Knickel [ 208 ], the cleavage of metal-carbon a-bonds may 
occur with either retention or inversion of configuration, 
and hence the conclusions concerning retention [210] or 
inversion [ 211] of configuration in the addition step are 
invalid. 
The postulated addition and subsequent elimination 
of an optically active silane, NpPhMe SiH (Np= naphthyl) 
to t r an -IrCl (CO) (PPh 3 ) 2 occurs with complete retention of 
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configuration at the silicon atom [212]. Although this is 
taken by the authors as indicating that both the addition 
and elimination reactions occur with retention, it seems 
equally possible from the data presented that each reaction 
may also occur with inversion of configuration (which would 
also lead to overall retention). However, it is clear that 
the postulated iridium(III) intermediate must be optically 
active. 
8 Work on another d system, viz . the cobalt(I) complex, 
[Co(dmgH) 2py] (dmgH = dimethylglyoximate monoanion, py = 
pyridine), by Jensen and coworkers [213,214] has shown that 
addition of various substituted cyclohexyl bromides and 
subsequent cleavage of the cyclohexyl group from the resulting 
cobalt(III) complex both occurred with inversion of config-
uration at the coordinating carbon atom. The results were 
taken to indicate an SN2 mechanism for the addition step. 
Thus, up to the end of 1972, there were three main 
mechanisms proposed for the addition of alkyl halides to 
· d 8 1 1 various meta comp exes: 
1. s 2 substitution followed by addition of halide N 
(inversion of configuration), e . g . addition of 
substituted cyclohexyl bromides to a cobalt(I) 
complex, 
2. one-step concerted addition (retention of config-
uration) e . g . addition of hydroge n to various 
iridium(I) complexes, 
3. free radical addition (racemization or loss of 
def inite configuration) e . g . addition of 
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PhCHFCHRBr to t r> ans -IrCl (CO) (PMe 3) 2 . 
At this point , it was decided to attempt to repeat 
the work of Pearson and Muir (210] on the addition of optic-
ally active ethyl 2-bromopropionate to t r>ans -IrCl(CO) (PPh 2Me) 2 
and to determine the configuration of the alkyl group in the 
iridium(III) adduct by X-ray diffraction studies, using anom-
alous dispersion methods . In this way , it was hoped to 
obtain reliable information concerning the mechanism of the 
addition . At the same time , the stereochemistry of the 
adduct could be determined. It was anticipated that the 
8 
method could be extended to other d systems, such as 
cobalt(I) and platinum(II) , to ascertain the mechanism of 
oxidative additions to these systems also . However , since 
only one crystal need be used for the X-ray diffraction 
study, it would be necessary for the oxidative addition 
reaction to be essentially completely stereospecific to 
obtain a meaningful result . 
11 . 2 Oxidative addition to reduced cobaloxime complexes 
Cobaloximes are cobalt(III) complexes with the gen-
eral formula Co (X) (dmgH) 2 (L) (Figure 11 . 2) where X is an 
anionic ligand (such as halide, alkyl, cyanide), Lis a 
neutral ligand (commonly an amine such as pyridine) and 
dmgH is the monoanion of dimethylglyoxime . Their chemistry 
is very similar to that of the cobalamins (the general class 
of organocobalt compounds derived from Vit amin B12 ) and has 
been extensively reviewed (215-217] . Alky l coba loximes are 
commonly formed by addition of alkyl halides to the 
cobalt(II ) complex , Co (dmgH) 2L, or by displacement of halide 
alkylpyridinecobaloxime 
(R = alkyl group) 
Figure 11.2 
121 
from a l ky l halides by the stronqly nucleoph i lic , five -
coordinate cobalt (I) species [Co (dmgH ) 2L] , wh ich are only 
stable in alka li ne solution. As p r eviously me ntioned, 
the add ition of various substituted cyclohexy l hal i de s to 
[Co (dmqH ) 2py) has been r eported to proceed via a n S 2 
mechanism [ 213 , 214). 
11.3 Determination of stereochemistry of the octahedral 
products of oxidative addition reactions 
Addition of various molecules, YZ , to complexes of 
the form trans -IrX(CO)L2 or ~ - or tran -PtX2L2 (YZ = 
haloge n or alkyl halide, etc . X = anionic ligand, L = 
tertiary phosphine or arsine) g ive s rise to octahedral 
iridium(III) or platinum(IV) adducts , for which various 
geometrical isomers are possible. The relative stereochem-
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istry of Y and Zin the iridium(III) adducts (wi th Y and/or 
Z = Cl) can often be inferred from the magnitude of the 
Ir-Cl stretching frequencies. Jenkins and Shaw (197) have 
found that v (Ir-Cl) is in the range 302-309 cm-l when Cl is 
trans to CO , 270-275 cm-l when t r ans to PPhMe
2 
or AsPhMe
2 
-1 
and 246-257 cm when t r ans to a a - a llylic group for octa-
hedral iridium(III) complexes of the form IrX 2 (a-allyl)-
(CO) (ZPhMe 2 ) (X = halide; Z = P , As) . A similar range 
(248-260 cm- 1 ) to the last has been observed for Cl t r ans 
to methyl in various octahedral iridium(III)-methyl complexes 
[194,239]. Values of v (Ir-Cl) in the range 262-268 cm-l have 
been observed when Cl is trans to Pin c omp l exes such as 
n n 
mer-IrC1 3L3 (L = PEt 3 , PPr 3 , PPhEt 2 , PPhPr 2 ) (218) . 
Similar range s have been observed [219,194] in a variety 
of other octahedral i idium(III) complexes. Values of 
-1 
v (Ir-Cl) in the range ~ 310-320 cm are observed when Cl 
is trans to another Cl (218) (i . e . slightly higher than 
the range obse rved for Cl trans to CO) . 
The arrangement of methylphosphine ligand s such as 
PPhMe 2 in planar complexes of nickel(II), palladium (II), 
platinum(II), rhodium(!) and iridium(!) and octahedral 
complexes of rhodium(III), iridium(III) and p l a tinum(IV) 
can ofte n be infe rred from proton NMR spectra . When the 
phosphine s are tran , the phosphorus atoms are strongly 
couple d (JPP ~ 300-500 Hz) and the methyl resonances usuall y 
appear as 1:2:1 triplets . When th e phosphines are cis , the 
P-P coupling is much weaker (10 - 30 Hz) and each methyl 
resonance usually appears as a doublet [ 194 , 197,200,201, 
219-221) . 
If the phosphorus atoms of an adduct containing two 
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phosphine lig ands are e quival e nt , t h e prot on-de c o up l ed 31 p 
NMR spectrum will show only a sing l e t, where as inequivalent 
phosphorus atoms give rise to an AB q uartet . In the latter 
case , the magnitude of the coupling constant is diagnostic 
of the relative arrangement of the phosphine lig ands. 
Other techniques which have been or could b e e mploy ed 
for determining the stereochemistry of o x i da tive addition 
pro d ucts i nclude 13c NMR s pectra of t he c oordinated ligands [ 2 22] 
a nd a lso , in the case of hyd ri do c omplexes , t he che mica l sh i ft 
and multiplicity of hydride resonance s in the NMR spectrum 
and the position of the Ir-H stretching f r eq ue ncy in the IR 
spectrum. These are not relevant to the following results 
and so will not b e discussed further. 
11.4 Results 
In th e pres e nt work , the a dditio n of ethy l D(+)-2-
bromopropionate to three systems was inve stiga ted : 
l. IrX(CO) (PPh2Me) 2 (X = Cl,Br), 
2 . c is -PtMe 2 (PPhMe 2 ) 2 and PtMe 2 (diars) (diars = 
o- p he nylenebis(dimethylarsine )) , 
3 . [Co(dmgH) 2py]- (dmgH = dime thylg l yoxima t e 
monoanion, py = pyrid ine ). 
The r e sults pre sente d are only initi a l inve stigations 
into an are a which r e quires a g r ea t de al more e xperime ntal 
work b e fore any ge n e ral definitive conclusions can be r e ache d. 
11 . 4 . l Ab oZ ute con f igur a t ion of ethy l 2- br omop r opionat e 
The r eactio n o f pho sphorus p e n t ab r omi de wi th e thyl 
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L(-)-lactate gives ethyl (+)-2-bromopropionate . Since this 
particular reaction is known to occur with inversion (223), 
the product must be ethyl D(+)-2-bromopropionate (Figure 11 . 3) . 
C0 2Et I H~ c --sr ethyl D(+)-2-bromoprop ionate I 
CH 3 
Fi g ure 11 . 3 
The !JMR spectrum of a solution of the ester containing 
the optically active lanthanide shift r eagen t, Eu((+)-hfac)
3 
(hfac = 3-(heptafluoro- n-propylhydroxymethylene) -(+)-
camphorate) (Figure 11.4) , showe d that the product contained 
[ Eu((+)-hfac) 3 
Figure 11 . 4 
96 % of the (+) - isome r , i . e . it was 92 % optically pure (the 
definition of optical purity is that given by Bogdanovic 
et al . (224)). 
11 . 4 . 2 Rea tion o f ethyl D(+)- 2- bromop r opionate with 
trans- IrX(CO)(PPh 2Me J2 (X = Cl or Br) 
As mentioned earlier , th e addition of e thyl 2-bromo-
propionate to trans -IrCl (CO) (PP h 2Me ) 2 h a s been reported by 
Pearson and Muir (210) to occur with retention of config-
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uration at the optically active centre of the alkyl group. 
The specific rotation of the ester u sed by the se workers was 
-6.0° which corresponds to only 57 % of the (-)-isomer (i . e . an 
optical purity of only 14 %). 
The reaction of tr'ans -IrX (CO) (PPh 2Me ) 2 (X = Cl or Br) 
with ethyl D(+)-2-bromopropionate in dichloromethane under 
strictly anaerobic conditions yielded cream-coloured mono-
meric products of formula IrXBr (CH 3CHC0 2Et) (CO) (PPh 2Me) 2 
which showed no optical activity at a nwnbe r of wavelengths in 
the range 400-700 nm . Unreacted bromoester recovered from 
the reaction solutions showed no loss in optica activity, 
indicating that the iridiwn(I) complexes do not catalyze 
the racemization of the bromoester . 
An attempt was mad8 to elucidate the stereochemistry 
of the two comp lexes from their 1H and 31 P MR spectra and 
from their IR spectra . The methyl protons of the tertiary 
phosphine groups in the chlorobromo compl ex ( X = Cl) give 
rise to a multiplet (7.3-7.6 1 ) consisting of t wo groups of 
four peaks, all eight peaks b e ing of simil ar inte nsity 
(Figure 11 . Sa ) . On 31P-decoupling , this multiplet collapses 
to two singlets of equal inte nsity (~ = 0. 12 p . p . m.) 
indicating the presence of two inequivalent phosphine g roups . 
The methy l resonance pattern i n the und ecoupl ed spe ctrwn 
of the dibromo complex (X = Br) resembles that of the chloro-
bromo complex, although the individual lines overlap to a greater 
extent; this is because the chemical shift di fferenc e between the 
inequivalent methyl g roups is somewhat s ma ller in the dibromo 
31 
complex than in the chlorobromo complex (Figure 11. Sb) . The P-
3 1 P - decoupl ed 
31 P- decoupled 
undecoupled undecoupled 
7T BT 7T BT 7T BT 7T BT 
(a) ( b) 
Figure 11 . 5 
Proton NM R spectra of IrXBr(CH 3CHC0 2Et) (CO) (PPh 2Me ) 2 (X = Cl (a) , Br (b)) 
I 
I 
l 
I 
I 
I 
I 
I 
I 
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decoupled spectrum also shows an additional , less intense 
pair of methyl singlets at slightly hig her field; the inten-
sity ratio of the two pairs is ~ 4:1 . 
The 24 . 29 MHz proton-decoupled 31P NMR spectra of 
the two complexes are almost indistinguishable and consist 
of a pair of doublets separated by ~ 4 p.p . m. , with the 
upfield doubl e t being approximately five time s more intense 
than the downfield doublet and the peak s epa r a tio n of each doub-
l e t being ~ 6 Hz . Th e s e obse rvatio ns suggest th a t solutions of 
both complexes contain two isomers in a ratio of ~ 5:1 . This 
31 1 
conclusion is supported by the P-decoupled H spectrum of 
the dibromo complex (vide s upI'a ) , but there is no evidence 
31 for the prese nce of isomers in the P-decoup led spectrum 
of the chlorobromo complex, presumably because the methyl 
resonances of the minor isomer are buried beneath those of 
the major isomer. 
Since the 1H NMR evidence suggests that the phosphine 
ligands are inequivalent in both isomers , one would expect 
the proton-decoupled ·31P spectrum of each isomer to consist 
of an AB quartet , as mentioned earlier . Presumably, the 
outer lines of each quartet are buried in the instrumental 
noise . An alternative but less likely possibility is that 
2 JPP is zero . Computer simulation, carried out by Dr R. 
1 31 Bramley of this School , shows that the Hand P spectra 
2 
are not consistent with JPP values of ~ 400 Hz {which is the 
expected value for octahedral rhodium{III) and iridium{III) 
complexes containing mutually tI'an s phosphine ligands [225-
22 7]), but can be fitted with values of 20-30 Hz , which is 
t he range normally observed for octahedral rhodium{III ) and 
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iridium(III) complexes containing cis phosphine ligands 
( 225-227] . For a complex of the form IrClBr(R) (CO) (PPh 2Me) 2 , 
in which the phosphine ligands are mutually ci s , there are 
six possible isomers (I-VI - Figure 11 . 6) in all of which the 
phosphine ligands are chemically inequivalent . The same is 
true for three of the four possible isomers of complexes 
of the form IrBr 2 (R) (CO) (PPh 2Me) 2 containing ci s phosphine 
ligands (VII-IX) , whereas for structure X, the phosphine 
ligands are apparently equivalent . It must be noted, however, 
that this equivalence is removed when R is an asymmetric 
Thus, summarizing so far , each of the two iridium(III) 
complexes consists of at least two isomers (in a concentration 
ratio of ~ 5 : 1) , each of which contains mutually cis phosphine 
ligands . 
Although the IR spectra of the chlorobromo and the 
dibromo complexes are very similar above 330 cm- 1 , the 
spectrum of the chlorobromo complex , measured in a Nujol 
mull , shows two strong peaks (of approximately equal intensity) 
-1 
at 307 and 264 cm . The same two peaks are seen when the 
spectrum is measured in dibromomethane solution, although 
the low resolution of this spectrum makes it difficult to 
gauge their relative intensities . The peaks must be assigned 
to Ir-Cl stretching modes since the spectrum of the dibromo 
-1 
complex shows only a very weak peak at 306 cm (in the range 
340-200 cm- 1 ) . Thus , the IR data suggest that the chloro-
bromo complex contains two isomers (in approximately equal 
amounts ) which differ in the environment of the chlorine 
atom . Using the criteria already discussed (197] , the band 
Possible isome rs of IrBr. (CH 3CHC0 2Et ) (CO) (PPh 2 1e ) 2 containing 
is - phosphine li gands 
R 
L Cl 
R = CH 3CHC0 2Et 
L 0 R 
Br Br 
I 
-+ 
L co 
Br Br 
VII 
L co 
Cl 
II 
Cl 
L Br 
L Br 
co L Br 
III 
-+ 
L R 
L 1 co 
VIII 
L R 
co 
IV 
1 Br 
L co L 0 
L L 
Br Br 
V I X 
1 Dr 
L L 
co co 
VI X 
Chlorobromo compl e x Dibromo come l ex 
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at 307 cm can reasonably be assigned to Cl t r an s to CO 
and that at 264 Cm-l to Cl t t h lk 1 r an s o tea y group, although 
the alternative assignments of Cl trans to Br for the first 
band and Cl t r an s to PPh 2Me for the second cannot be ruled 
out. All the isomers I-VI satisfy one or other of these 
assignments, but II and III seem the most likely. 
Th 1 . . 1 . f h 31 e c ose s1m1 arity o t e P NMR spectra of the 
two iridium(III) complexes suggests that the isomers of the 
chlorobromo complex and the dibromo complex have similar 
configurations, and that, in the first case, they do not 
arise simply by interchange of Cl and Br ( i . e . I, II or 
III, IV). By analogy with the assignments made for the 
chlorobromo complex (vi z. II and III), it is suggested that 
VII and VIII represent the most likely structures for the 
isomers of the dibromo complex. 
A puzzling feature is that the isomer ratio derived 
31 from the P NMR spectrum of the chlorobromo complex (~ 5:1) 
is quite different from that estimated from the relative 
intensities of the two bands due to v (Ir-Cl) in the solid 
state far IR spectrum (~1:1). One possible explanation is 
that the ratio of the two isomers in the solid state is 
different from that in solution. However, this implies a 
very rapid isomerization on dissolution , which is unusual for 
octahedral iridium(III) complexes. Furthermore, as noted 
above, the bands at 307 and 264 cm-l can be observed in 
dibromomethane solution (although, as mentioned, it is 
impossible to estimate with any accuracy their relative 
intensities ). A second more complex possibility is that 
the chlorobromo complex contains two pairs of isomers, 
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A, B , C and D, in which A and Bare present in approximately 
equal concentrations and the ratio (A+B) : (C+D) is ~ 5:1 . If 
A and B were a pair such as III and IV, differing only in 
the interchange of the halogen atoms, the 31 P NM R spectra 
of these isomers could well be indisting uishable , but their 
v(Ir-Cl) bands would be clearly observable . On the other 
31 hand , the P NMR spectrum of the minor pair, C and D (also 
differing by interchange of halogen atoms) , would be obser-
vable whereas its v(Ir-Cl) bands could easily escape detection . 
It is hoped that studies of the reaction of t he 
chloroester, ethyl 2-chloropropionate , with the iridium 
complexes , tran s -IrX(CO) (PPh 2Me) 2 (X = Cl,Br) will help to 
distinguish b e tween these possibilities . 
11 . 4 . 3 Reaction o f ethy l D( +) - 2- bromopropionate with 
the pla tinum(II) complexes , cis- PtMe2(PPhMe2J2 
and PtMe 2 (diars) (d ia rs = o- C6H4 (AsMe 2 J 2 ) 
Reaction of ethyl D(+)-2-bromopropionate with c~s -
PtMe2(PPhMe2)2 in dichloromethane under strictly anaerobic 
conditions gave a light brown product which wa s identified 
by its 1H NMR and IR spectra and its microanalysis as the 
platinum(II) complex , trans -PtBrMe(PPhMe 2 ) 2 [210) and not 
the expected platinum(IV ) complex, PtBrMe 2 (cH 3CHC0 2Et) (PPhMe 2 ) 2 . 
The related reaction of acyl chloride s, RCOCl, with 
cis -PtMe 2 (P PhMe 2 ) 2 (R = Me, Et, Bu t , Ph) has also been 
reported ( 201) to give the platinum(II) product, tran -Pt-
In this case , the platinum(IV) adduct was 
proposed as the intermediate . It is very likely that the 
reaction of the bromoester with cis -PtMe 2 (P PhMe 2 ) 2 also 
proceeds via a platinwn(IV) intermediate , as shown: 
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cis-PtMe2(PPhMe2)2 + CH3CHBrC02Et 
[PtBrMe2( CH 3CHC02Et) (PPhMe2)2l 
l 
No attempt was made to determine whether any ethyl is o-buty-
rate was present in the reaction mixture . 
The reaction under nitrogen of ethyl D(+)-2-bromo-
propionate with PtMe 2 (diars) in benzene gave an off - white 
product which according to microanalysis was the expected 
platinum(IV) adduct , PtBrMe 2 (cH 3CHC0 2Et) (diars) , and which 
showed no optical activity . 
The 1H NMR spectrum contains a 1:4 : 1 triplet (8 . 58 T , 
2 195 JPtH 69 Hz) which appears as a singlet in the Pt- decoupled 
spectrum . The data suggest the presence of equivalent metal-
bonded methyl groups which , from the chemical shift and 
coupling constant are probably tran s to the diars ligand (228] , 
giving rise to the stereochemistry shown in Figure 11 . 7 . 
R 
~
2 
~ As Me 
~ Pt 
As e 
Me 2 Br 
Figure 11 . 7 
11 .4. 4 Addition of ethyl D( +) - 2- bromop r opionate to 
[Co ( dmgH J 2py ]- ( dmgH = dimethyl lyoximate monoanion) 
Reaction under nitrogen of ethyl D(+)-2-bromopropionate 
with the cobalt(!) complex , [Co(dmgH)2PYl (p r e pared in 
situ) , in methanol gave the known optically inactive 
cobalt(III) product , Co(CH 3CHC0 2Et) (dmgH ) 2py (229] . 
11 . 5 Conclusions and summary 
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The lack of optical activity in the adduct obtained 
from the reaction of ethyl D(+)-2-bromopropionate with 
t r ans -IrX(CO) (PPh 2Me) 2 (X = Cl , Br) contrasts with the earlier 
work of Pearson and Muir [210], but agrees with r e sults 
recently reported by Osborn e t al . (230] . These workers have 
eliminated the possibility that racemization arises from 
dissociation of the proton from the chiral centre after form-
ation of the metal-carbon a -bond by showing that no deuterium 
is incorporated in the oxidative addition product when the 
reaction is carried out in CH 2cl 2/ cH 3oo . A possible mechanism 
involving free radicals is as follows: 
Ir(I) + R-Br 
Br-Ir(II) • + R• 
• Ir(II)-Br + R• 
Br-Ir(III)-R 
The second step would most probab ly be much more 
rapid than the first since alkyl radicals might well be 
expected to react with the free bromoester, l ead ing to loss 
of optical activity . However , no appreci a ble d r op in optica l 
activity of the recovered bromoeste r was observed. 
The reaction of the bromoester with PtMe 2 (diars) to 
give the optically inactive platinum(IV) adduct probably 
proceeds via a platinum(III) radical similar to that shown 
above for iridium(II ). A free radical cha in process has 
also been proposed for the reaction of the chloroester, 
ethyl D(+)-2-chloropropionate, with Pt(PEt 3 ) 3 [231] to give 
an optically inactive product , tran -PtBr(CH 3CHC0 2Et) (PEt 3 ) 2 . 
(The analogous reaction with the bromoester gave trans -Pt-
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Br 2 (PEt 3 ) 2 .) Stille and coworkers (232] also obtain an 
optically inactive product from the reaction of optically 
active PhCH(CF 3)Cl with Pd(PPh 3) 4 and suggest three possible 
explanations: 
1. a reversible o- n rearrangement of the ligand, 
2 . a free-radical process, 
3. exchange of the Pd(II ) adduct and the Pd(O) 
species . 
Al though the work of Osborn e t al . [ 2 30] on the 
iridium(I) system strongly implicates a free radical path-
way, the reaction of the bromoester with PtMe 2 (diars) could 
conceivably involve a o - n rearrangement such as that shown 
below: 
CH 3 I 
Pt-CH 
I 
co 2Et 
CH3 
CH 
-. \ 
Pt-·.c-OEt 
:/ 
0 
A o - n rearrangement involving a S-hydride elimination 
seems unlikely in view of the fact that addition of both 
optically active ethyl S-bromophenylacetate (which contains 
no S-hydrogen atoms) and optically active ethyl 2-bromo-
propionate to [Pd(Bu t NC) 2 ]n give optically inactive 
products [233]. 
In the platinum(II)-diars system, racemization due 
to exchange between the Pt(IV) adduct and free PtMe 2 (diars) 
does not seem likely since an excess of the bromoester was 
used in the reaction. 
various explanations are possible to account for 
the lack of optical activity of the Co(III) complex, 
I 
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Co {CH 3cHco 2Et) {dmgH) 2 {py) isolated from the reaction of 
ethyl D{+)-2-bromopropionate with [Co{dmgH) 2py] One 
possibility is that the proton on the coordinated carbon 
atom is labile under strongly basic conditions of the 
experiment . Another possibility is that a o- n rearrangement 
occurs during reaction, giving rise to a mixture of the 
a and 8 substituted cobalt(III) species, as shown below: 
H 
CH -C-CO Et 
3 I 2 
[Co] ~ 
H 
H C=C-CO Et 2 • 2 
. 
(¢01 
' I 
H 
A third possibility is that the addition involves 
racemization of the alkyl group. It is not possible 
to determine the cause of the racemizat i on without further 
experiments. 
Although the stereochemistry of the products from 
the reaction of the bromoester with trans -IrX(CO) {PPh 2Me) 2 
{X = Cl,Br) could not be definitely determined, it is clear 
that both of the octahedral iridium{III) products obtained 
contain mutually cis phosphine ligands . This arrangement 
has not previously been observed in complexes derived by 
oxidative addition of alkyl or acyl halides to planar 
iridium(I) complexes. It has , however, been observed in 
the addition in benzene of allylic halides to trans- IrCl-
(CO) (PPhMe 2 ) 2 (197) , although in this case, rear rangement 
to give mutually trans phosphine groups occurs readily 
in chloroform or ethanol, as described in section 11.1 . 
It is possible , in fact, that many oxidative additions to 
iridium(I) complexes resulting in adducts with trans 
I 
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phosphine ligands may initially give adducts containing 
cis phosphine ligands which then rearrange to the trans 
configuration (by analogy with the iridium(III)- o-allylic 
complexes [192,197]). 
With the exception of allylic halides [197], addition 
8 
of alkyl halides to square-planar d tra nsition-metal 
complexes always appears to give adducts in which the addend 
atoms are mutually trans . In this respect, the addition of 
the bromoester to trans -IrCl (CO) (PPh 2Me ) 2 does not appear 
to follow the usual trend, although cis -add ition has not 
been conclusively demonstrated. 
The platinwn(IV) adduct, PtBrMe 2 (cH 3CHC0 2Et) (d iars), 
in which the alkyl group and the bromide ligand are mutually 
trans , has the same stereochemistry as that of the adduct 
obtained from the reaction of RCOCl with PtMe 2 (diars) (R = Me , 
Ph) [228]. It is not possible to say at this stage whether the 
observed stereochemistry is the result of a trans addition of 
the bromoester (or acyl chloride ) or the result of a cis addition 
and subsequent rearrangement to the trans product . 
11.6 Experime ntal 
IR spe ctra were recorded on Perkin-Elme r Mode l 457 
and 225 grating infrared spectrophotometers. Spectra were 
measured as Nujol mulls, unle ss stated otherwi s e . Proton 
NMR spectra (100 MHz) were recorded on a Var i a n HA-100 
or a J eo l J NM-MH-100 spectrometer and were measured in 
deuteriochloroform solutions (using tetrame thylsilane 
as an internal reference). 31 p NMR spectra we re recorded 
on a Jeol JNM-C-60HL NMR spectrome t er and were run in 
dichloromethane , using phosphoric acid a s an external 
reference . Optical rotation measurements were r e corded 
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on a Perkin-Elmer P22 spectropolarimeter . Molecular 
weights were determined in chloroform on a Knauer vapour 
pressure osmometer at 37°C . Analyses were carried out by 
the Microanalytical Laboratories of the Research School of 
Chemistry and John Curtin School of Medical Research, 
Australian National University . 
1H NMR resonances are given in the fo rm: chemical 
shift (type of proton (if known) , relative inte nsity , 
number and type of resonance) . The abbre viatio ns for the 
type of resonance ares (singlet), d (doubl e t), t (triplet) , 
q (quartet) and m (multiplet) . Chemical shi f ts for 1H 
NMR spectra are quoted in T value s (T = 10 - o, where o 
is the number of p . p . m. downfield from t e tramethylsilane) 
Chemical shifts for 31P spectra (op ) are quoted a s the number 
of p.p . m. upfield from phosphoric acid . 
Reactio ns were c a rri ed o ut under a nitroqen atmos-
phere (unle ss stated otherwise) using A. R. grade solvents 
saturate d with nitrogen. 
The complexes , bis(dime thylglyoximato ) py ridine-
cobalt(II) [234) and di-µ-chlorodicarbonyltetrakis(cyclo-
octene) diirid i um (I) [ 235 , 236] and the optically active 
bromoes ter , ethyl D(+)-2-bromopropionate [223], were prepared 
by literature methods ( [ a ) b8 +39 . 50°, [an~90 +39.90°, 
literature value [aJ;; 90 +44 . 10° [223]) . 
Preparations 
A. trans -Chlorocarbonylbis(methyldiphenylphosphine)-
iridium(I), IrCl (CO) (PPh 2Me ) 2 (1:) [193) 
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The complex was prepa r ed by a similar method to 
that described [236) for the triphenylphosphine analogue . 
To a solution of di- µ-chlorodicarbonyltetr akis( cyclooctene)-
diiridium (I) ( 2. 0 g) in benzene ( 30 ml) was added me thyl-
diphenylphosphine (1 . 85 g) . The resulting brown solution 
was heated under reflux for 5 minutes and cooled. The 
solvent was removed and methanol ('\, 2 ml ) was added . The 
precipitate was filtered, washed with methanol , followed 
by ether, and dried under vacuum (yield 70 %) . 
-1 IR (Nujo l) 1960 cm (vs, v (CO)), 315 (w , v (IrCl)), 
literature values 1960 and 312 cm-l [193) . 
B. trans -Bromocarbonylbis( methy ldiphenylphosphine )-
iridiurn(I) , IrBr(CO) (PPh 2Me) 2 (~) [193) 
The chloro complex, l , (1.5 g) was heated unde r 
reflux with ca . a ten-fold excess of lithium bromide (2 g ) 
in acetone (25 ml) for 4 hours. Water (10 ml) was added 
slowly to the cooled solution and the yellow product was 
washed with water a nd dried under vac uum (yield 85 %) . 
IR (Nu jol) 1960 cm-l (vs, v (CO)), literature 
value 1960 cm-l [193). 
c . Diiodo (l , 5-cyclooctadiene)platinum(II), PtI 2 (c 8tt 12 ) (3) [237) 
Platinum(II) chloride (5 g ) was heated unde r reflux 
with 1 , 5-cyclooctadiene (15 ml) and s od i um iodide (55 g) in 
2-methoxyeth a nol (150 ml) for 6 hours . The h o t solution 
I 
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was filtered and cooled to 0°. The resulting yellow pre-
cipitate was washed with methanol and dried under vacuum 
(yield 60%) . 
D. Dimethyl(l,5-cyclooctadiene)platinum(II), PtMe 2 (c 8H12 ) (4) (237) 
PtMe 2 (c 8H12 ) was prepared from l by the method of 
Clark and Manzer (237), using a ten-fold excess of methyl-
lithium (yield 67%) . 
E. cis -Dimethylbis(dimethylphenylphosphine)platinum(II), 
ci - PtMe2(PPhMe2)2 (~) 
The complex was prepared from i by a method similar 
to that described for PtMe 2 (COCH 3 )Cl (237]. Dimethyl-
(1,5-cyclooctadiene)platinum(II) (0 . 8 g) was added to a 
solution of dimethylphenylphosphine (0.73 g) in diethyl -
ether (25 ml). The resulting white suspension was stirred 
for l hour, then filtered, washed with ether and dried under 
vacuum (yield 80%). The 1H NMR spectrum agreed with that 
previously reported (201]. 
F . Dimethyl( o -phenylenebis(dimethylarsine))platinum(II), 
PtMe 2 ( o -C 6H4 (AsMe 2 ) 2 ) (~) [228,238] 
The complex was prepared as described above , using a 
slight excess of o -phenylenebis(dimethylarsine) in place of 
the tertiary phosphine , and using benzene as solvent . The 
IR and 1 tt NMR spectra agreed with those previously 
reported [228,238]. 
G. Reaction of ethyl D(+)-2-bromopropionate with 
t r an s-IrCl (CO) (PPh 2Me ) 2 , (!) 
The bromoester (0.25 g ) and 1 (0.5 g) were placed in 
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a Carius tube and cooled in liquid nitrogen. Dichloro-
methane (10 ml) was distilled into the tube and a freeze-
thaw sequence was carried out three times to remove all 
oxygen. The tube was sealed under vacuum and allowed to 
warm to room temperature. After one week, the tube was 
opened and hexane (5 ml) was added. Evaporation on a 
rotary evaporator yielded an off-white precipitate of 
the iridium(III) adduct, which was washed with hexane and 
dried under vacuum (yield 88 %). 
An a l y s i s , Calculated for IrBrClP 2o3c 32 H35 , 
C, 45.91; H, 4.18; P , 7.41; M. W. 837; total halogen 
titre, 0.541 ml of 0.005 M Hg( N0 3) 2 ; 
Found, C, 44.89; H, 4.24; P, 7.08; M. W. 807; total 
halogen titre, 0.544 ml of 0.005 M Hg(N0 3 ) 2 . 
-1 Ir (Nujol) 2060 cm (vs, v(CO)) , 307,264 (s, v(IrCl)). 
1H NMR (CDCl3) 1 2.0-2.7 (Ph, 20, m) , 6.0-7.0 (CH and 
c~2 , 3, m), 7.3-7.6 (c~3 of PPh 2Me, 6, 2q), 9.00 (c~3 of 
co 2Et, 3, 1:2:1 t), 9.37 (C~3 of CH 3CH-, 3, d). 
31P NMR (CH 2c1 2 ) proton decoupled, op 27.2 (s), 
27.4 (s) major isomer; 23.7 (s), 23.9 (s) minor isomer; 
ratio of major isomer to minor isomer 5:1. 
H. Reaction of ethyl D(+)-2-bromopropionate with 
t 1'an s-IrBr (CO) (PPh 2Me) 2 , (~) 
The reaction was carried out as described above . To 
isolate the product, the solvent was removed and the 
resinous product was stirred vigorously with ether (10 ml) 
for several minutes. The resulting off-white product was 
washed with hexane and dried under vacuum (yield 72 %). 
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C, 43.59; H, 3.97; P, 7.04; Br, 18.16 
Found, C, 43.67; H, 4.08; P , 6.76; Br, 20.18. 
Ir ( ujol) 2060 cm-l (vs, v (CO)) 
1H NMR (CDC1 3) T 2.0-2.8 (Ph, 20, m), 6.0-6.9 (CH 
and c~2 , 3, m), 7.2-7.6 (c~3 of PPh 2Me, 6, m), 8.9-9.3(c~3 
of C0 2Et and CH 3CH-, 6, m). 
31 P NMR (CH 2c1 2), proton decoupled, op 32.1 (s), 
32.4 (s) major isomer; 27.6 (s), 27.8 (s) minor isomer; 
ratio of major isomer to minor isomer 5:1. 
I. Reaction of ethyl D(+)-2-bromopropionate with 
c i s-PtMe 2 (PPhMe 2 ) 2 , (5) 
The reaction was carried out as described in G, 
using 0.36 g of the bromoester and 0.5 g of 5. The NMR 
and IR spectra agreed with those previously described for 
PtBrMe(PPhMe2)2 (201]. 
Ana l ys i s , Calculated for PtBrP 2o2c 23H37 (1:1 adduct) , 
C, 40.47; H, 5.43; P , 9.09; Br , 11.73; 
Calculated for PtBrP 2c 17 H25 (PtBrMe(PPhMe 2 ) 2 ), 
C, 36.04; H, 4.42; P, 10.95; Br , 14.13; 
Found , C, 34.89; H, 5.24; P, 11.38; Br , 14.84. 
J. Reaction of ethyl D(+)-2-bromopropionate with 
PtMe 2 (diars), (.§_) 
To a solution of ethyl D(+)-2-bromopropionate 
(0.195 g ) in benzene (25 ml) was added 6 (0.50 g) . The 
solution was stirred at room temperature for 16 hours and 
then the solvent was removed. The resulting oil was stirred 
with ether (15 ml) for several hours, filtered and the 
ether was removed to give an off-white product . 
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C, 29.48; H, 4.48; As, 21.68 ; Br, 11.56; M. W. 692; 
Found, C, 28.79; H, 4.20; As, 21.35; Br , 11.28; 
M.W. 706. 
1H NMR (CDC1 3 ) broad resonance in range 8-9 T , 
salient features, T 8.58 (c~3 of Pt-Me, 1:4:1 t, 
2JPtH 69 Hz), 
3 8.38 (c~3 of diars , JPtH 6 Hz). 
K. Reaction of ethyl D(+)-2-bromopropionate with 
[Co(dmgH) 2py]-
To a stirred suspension of bis(dime thylglyoximato)-
pyridinecobalt(II) (2 g) in methanol (40 ml) was added 
sodium hydroxide (0.22 g) in water (1 ml) , followed by a 
solution of sodium borohydride (0.13 g ) in water (1 ml) . 
Finally, ethyl D(+)-2-bromopropionate (3 g) was added and 
the dark brown solution was stirred for 3 hours. The 
solvent was removed and the residue extracted with 
dichloromethane. The extract was evaporated to a s ma ll 
volume and chromatographed on a silica column, using 2% 
ethanol in dichloromethane as eluent . The product (229] 
was precipitated by evaporation of the solution to a 
small volume and addition of hexane; it was th e n washed 
with hexane and dried under vacuum. 
Analysis , Calculated for Co0 6N5c 18H28 , C, 46.06; H, 6 .01; 
N, 14. 9 2; 
Found, C , 45.46; H, 5.43; , 15.08. 
IR (Nujol ) 1690 cm-l (v (CO)), literature value 1673(229]. 
lH NMR (CDC1 3 ) T 1.41 (py, 2, d), 2.24 (py, 1, t), 
2.66 (py, 2, t), 6.04 (C~2 , 2, g) , 7.76 (C ~ 3 ofdmgH , "' 12, s), 
8.74 (c~3 of co 2Et), 3, t), 9.59 (C~3 of CH3CH- , 3, d) , 
literature value 9.61 (C~3 of CH 3CH- ) (229). 
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APPENDIX 1 
Comput er programs used in the crystal structure analyses 
DATSET by D. Tay l or , for calculation of anisotropic 
crystal degradation (82] . 
SETUP3 by P . O. Whimp , fo r data reduction . 
SORTIE based on SORT by B. M. Foxman and P . O. Whimp , 
modified by P . O. Whimp, f o r data reduction . 
EPROG by B. F . Anderson , for calculation of normalized 
structure amplitudes. 
MULTAN by P . Main , M. M. Woolfson and G. Germain , for 
direct phasing of normalized structure amplitudes 
using the weighted tangent formula (105] . 
FOURIER , ANUFOR based on FORDAP by A. Zalkin, modified 
by R. J . Dellaca and again by P . O. ~himp , for 
Fourier syn t hesi s . 
SFLS5 , BLKLSQ from the original program SFLS-5 by 
ACACA 
TOMPA 
C. T . Prewitt , modified by B . M. Foxman and again 
by P . O. Whimp and D. Taylor , for block-diagonal 
least-squares calculation . 
by B. J . Wuensch and C. T . Prewitt (240] , modified for 
the geometry of the Picker FACS-I diffractometer 
by B. M. Foxman, for absorption correction by 
numerical integration . 
by J. de Meulenaer and H. Tompa ( 85] , modified for 
the Picker FACS - I diffrac tome t e r by J.D . Bell , 
for absorption correction . 
HYDGEN by P . O. Whimp , for calculation of hydrogen atom 
coordinates . 
CONTACT by J . F . Blount , for calculation of hydrogen 
atom coordinates . 
14 2 
ORXFFE later version of program ORFFE (241), for 
calculation of molecular geometry and error function. 
MEANPL based on NRC#22 by M. E . Pippy, modified by 
ORTEP 
D. Taylor , for calculation of least-squares planes. 
by C. K. Johnson ( 2 42) , for thermal ellipsoid 
drawings . 
PUBTAB by P . O. Whimp, for production of tables of 
structure factors . 
LISTER by D. Taylor , for production of tables of atomic 
coordinates and temperature factors . 
All calculation were carried out on a Univac 
U- 11 0 8 computer at the Computer Centre of the 
Australian National University . 
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APPENDIX 2 
Tables of final observed and 
calculated structure factors . Values of F b and F 
o s calc 
have been multiplied by a factor of 10 . 
Pt( PPh 3 ) 2 ( epp ) 
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APPENDIX 3 
EXPERIMENTAL DETAILS OF PREPARATIO~ 
AND REACTIONS OF VASKA'S COMPOUN D 
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Chloroiridic acid was obtained from commercial 
suppliers. Ethyl p-nitrophenylpropiolate and ethyl phenyl-
propiolate were prepared as described in sections 2.2 and 3.2 
respectively. Vaska's compound, trans -chlorocarbonyl-
bis(triphenylphosphine )iridium(I) , was prepared by literature 
methods [71,114] using chloroiridic acid in place of 
iridium trichloride trihydrate. 
Details of instrumentation and microanalysis are 
given in section 11.6. 
Reaction of Vaska's compound with ethyl p henylpropiolate 
The reaction was carried out as described by Collman 
and Kang [52]. Vaska's compound (0.30 g) was stirred with 
ethyl phenylpropiolate (5 ml) at 100° for 24 hours. During 
this time the solution turned from pale ye llow to dark 
brown. The solution was cool e d and methanol (30 ml) was 
added. The resulting precipitate was filtered, washed with 
methanol, then ether and dried unde r vacuum to g ive a 
cream-coloured product (yield 0.45 g ). 
Analysis , Calculated for IrClP 2o 3c 48 H40 (1:1 adduct), 
C, 60.40; H, 4.33; Cl, 3.71; P, 6 . 49; M. W. 954; 
Calculated for c 33H30o6 (arene trimer) , 
C, 75.86; H, 5.75; M.W. 522; 
Found, C, 72.85; H, 5.02; Cl, nil; P , 1.60; M. W. 573. 
158 
Reaction of Vaska's compound with ethyl p -nitrophenylpropiolate 
To a suspension of Vaska's compound (0.50 g) in 
benzene (25 ml) at room temperature was added ethyl p -nitro-
phenylpropiolate (0.30 g). Immediate dissolution of all 
solid was accompanied by a colour change from pale yellow 
to dark yellow. After ~ 20 minutes, a flocculent yellow 
precipitate had formed which was filtered, wa shed with 
ether and dried under vacuum (yield 0.4 g, 63 %). 
AnaLysis , Calculated for IrCLP 20 5Nc 48H39 (1:1 adduct) , 
C, 57.68; H, 3.93; N , 1.40; Cl, 3.55; P , 6.20; 
M.W. 999; 
Found, C, 58.92; H, 4.09; N , 1.22; Cl , 3.31; 
P, 5.66; M.W. 622. 
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Atom coordinates and temperature factors for ethyl p - nitropheny lpropiolate 
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